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PREFACE 


Tile history of accelerator development lists not yet been 
written. Almost Hit- entire literature on the subject is published 
in reeeurch journals ur in laboratory report. Kxccpt for rela¬ 
tively brief survey articles, there ure no publications in which 
a scientist, an engineer or a student can find a description of the 
physical principles of par tide acceleration h or of the Buccetaiful 
designs and technlqney of die several types of m^caieraiora. 
The need for such a compilation and study is dear. Many a 
student wants to know mum about lbe field to guide Ins further 
studies Nuclear physic M* must understand accelerators to 
evaluate ex pc rime ntal evidence. Scieut Lsts or engineers Ln border¬ 
line areas .are curious about the machines which are the source 
nf nuclear data, and ociiaaomlly the director nf an expanding 
lalwntory mmsl acquire an appreciation of the relative merits 
of the several machines as a basis for future plans. 

This monograph is an at tempt to present one pure yf the 
^tory of aGoeieratoiv— that associated with the newest, largest, 
and highest-energy machines, which have become su important 
in I he rapidly developing field nf nuclear force® and I ugh-energy 
particles. Tiics early development of the Hold, covering the direct 
voltage mndiinea of the lOStVs, deet-rastath 1 generators, cydo- 
traiiF, anil the like, cannot lie included in thin brief volume, 
TTug may leave a big, although unavoidably gap for some 
renders. However, the story of the high-energy ftecofetiAtorc is 
almost a complete story in itself. 

The emphasis is on the physical principles of operation T 
the proper ties of particle orbits, and the dedgta principles of the 
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PREFACE 


I hn- if eornponeiiU. Xn jUtoripl hti.s \hhh\ rmule Sif a eompliMe 
rovemge of id] kintal hit Hm.s H lone uerlmu one* nr# ehoH?n uh 
■. yplc^tl Eitid ure defirrilnil in $omv. iletail to dntinEinlrrde e jjsir- 
i-inilarly cHen live imd n i*.ncILis.iil ei E uH ai I'ojnjmjieTil.s. 1 t. hi*n 
also Ekhjh the urge of ( In* writer to ninny the tiimiUtriiLio> in tirin- 
of (lie several moduli. c&pn'iidJy jil the w;iy l,buy de^nd 
<ni dir hoh- I'qkuit.iutiHi of motion of jwiielr- in uksiriu uml 
mapigtfc fiuldri. To LMiiphateze Uiejhiiibtriiirjq, the mathemniieHl 
amly^ u\ pii.ri.irlf 1 mol km, us cippliiHJ in must ui' the an elcni- 
lora, \m prawn tori in n 'Cpumle dmpter niicm- the common 
lento of uiri'for&tinti, fneiiKirijt, jimi Htiddiiv jn■«■ derived from 
the ccjuaLinjiHH of motion. 

Aftecteratonf aru undergoing eontinurjiw development. g^pr- 
niiilly those demgiud for the hj^iest eintrgiefl. The most exritiu£ 
rttfcnf, drvdojmieiil.s nrt noi yeL tkuilused into cl working rmi- 
chinc. A^ .-I iroult the Eftwi dm pier iw iapi-ul y np , i':uk| l ivi? 1 ami ii 
Ih to he rxppetiHl rhut mmv of ttieeoiiceplis uml deigns piuventeil 
will be ehangod n- new rmrnhicLu^ evolve, Ilufrcvnfj mink 

ii [ireview into the early Htogeta of i.levi'lnpimmt- of ji new type of 
uerdomfnr iis tin- \v»t po^ihle ilLuhlnitiou of the uei'elumlor art. 
1 e shows, molts dearly itmii n tEulUftl de^ription oF ti working 
t marl line, bow new c-om’frptu develop, how new problems arise 

rind how Llir applicant.. ingenuity ;lmi( Iednehi^v mu solve 

the problems* to achieve » new volLnge rerun] and £t new hml 
for nLidejir rnsmrrh. 


M Stanley Livimikton 

f'uwbridtff r Ma^o^huMils 
May 1 $, tm 
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CHAPTER 1 


1 11 PS 1 1 -Energy A ecel c ru l o n 
ns I * Mils for Nuclear Hcwearch 


1-1 Introduction 

Partklit iuvrlemtors ate among the moat useful tools in 
miE-loar snnm\ The highspeed partfcles which they produce 
i'tm penetrate ihi L for™ /Idris of nuclei, where they supply the 
energy necessary to di«uitegmte the nucleus, or serve probed 
ir> study tbe properties of midear Forces. Atomic nuclei are com- 
I'KUKti of protons and neutrons hound together by aliort-nuige 
I'ori rSg with im jipproriuuttoly voiwiani nuokitr deunily. The 
nuvleur radius can he expressed :ls r = r n A"\ where ,1 h the 
number uf nueteons. The radius of jl single mideon, r fl ~ L4 
X 10 ' cm, enn ! ■: 1 taken as es nie^no: of the i-mige of nuckui 

fams* 

When poirilivfdy charged particles are Used to bombard £ 
fludew, they no- nspdJcfl by the Coulomb force- The potential 
energy of ll singly charged psrtide nt the radius r (the potential 
harrier) a^oihit.cd with nuclei of J < A < 200 h Lxrtweeri I atid 
10 Ml-v, pELifidtH murt have kinetic energies of thb magnitude 
to nppmii h to the N diirfm e' T at u rmi'LeuS, where they haw a 
high probability of initiating it nuclear renet-iou, At tower 
energiestlionuelearpropnEwt^ observed are understood inlcrmd 
• if the wuve-mcitianinri pirdiu-bllityof penetration of the barrier 

R tirtgaa of several mi I Lion electron volts have been avail¬ 
able for many years from the early accelerators such its voltage 
multipliers* the oieetruatatic generator, Jiml the cyclotron. E.\- 
[venmants ill bucIi energies have nerved U* explore the grrifw 
structure of the nucleus I ** measure clhfmtcgnitinn thresholds 
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Hin.1 low-lying fixctmtum levels m nuclei, Tin- condition* uf 
id-ability in nudei have ten mvesiipitetl, lleilI many meastitp- 
tiM’Mis lum? been nirido on Hie properties uf ike u rate bis, railio- 
active uudldes, Angular distributions uf tin- product* in 
r.MjitegrfttioJi and scattering prac-et?*^ ahow Lin- mmo-utml 
character of nuclear forces. AL somt-wlml higher energies 
(greater Lhaii l.U Mev ) ilishiicgmltun proces-^s Income more 
complex; the multi-purl into rlmmcter of most mu-lei is revelled 
in the malty competing reaction** often result uju iii mills i- 
paitfele emtastom 

At much higher energies i.hr diaruteridkes of the phe¬ 
nomena LihiiMge, and we enter the field of tho properties of 
fn3 idumei fctal pari ides. resn1 VO the nisei vb& int o imer- 

futioiiH between elementary micleonn mu I gi w direct evidence 
at the properties uf the rmiilmr force u\ extremely short mngf*. 
This change in diameter of the intern lions is uxprrasiscl in 
wravc^sTteehiiiiieiil termiiiology hy the wuvi huim h ul the lnnn- 
barding partk'Le becoming short rrliLtivn to m m■fear dimensrionfK 
In tho billion-volt region parlide wjicplengfh is biimll even 
compared li> the dimensions uf n single unde an The wave¬ 
length associated with a prottin of one Million, elect-run volte 
(l Itev = 10tK) Mev) p for example* is given by: X J x Id " s 
em A proton of this energy (or higher) is lisnalised ay having 
ji reaction with one (or at the moat a few} uf the iiidividiml 
mii-Jcons in traversing n nucleus. The mutt.i-pariid« diameter 
of heavy a meld is significant primarily in l.hal it represent* a 
greater density of midear matter mid m increases the probability 
of iiitoracticm, 

The fundamental nuclear fojpc:e s liet-ween pairs of nuidcoiiSp 
is now believed to involve fhe production mad absorption uf 
i nvtiomi r \ Tea ret leal ini e rprat&tioi t is by j an tneas m r omj j lute, bo t 
us may experiments show that Jriesyjisure prerfured when largute 
are bombarded by mil [idem fy Jiigh-cncrgy piirtinlcsor radiations, 
Mesons were discovered hi cosmic ray ofjscrvat.inns, and a huge 
fraction of present evidence on Ike properties of meeatis lms 
been obtained by using the high, buL uncontrollably energy* of 
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ripsinii 1 my*. Fiirilwnnon 1 , tha most wignifittint rw.eirt evidatoce 
for si ill hr:ivipr unstable iMiH.ii'I (.-.h hub rtimi? from exposure of 
phni.igniphir rmukimiH lo (he primary eotunie rnys at I ugh 
41 1 < it ih Li minuted in ludloyli tlighlH* urn I Jmiii duud chamber 
photograph* lukfln in mount [tin lidHimtnries. 

1.2 l n-iobfe Particle* and Threshold Energies- 

Many nr I be dimi-alary purrieli-H,. and jxirhiipa llI i-tin be- 
.Tented thr^ngli iriiLierintiEuLiuo of energy Rli-ri run-pair pro- 
duet jnu hy fmmmu rays is now a n*lnli vdy tvdl-tmderel wxl 
planton^'rion: y —* t ' + r This process ocmtiS in 1 lie 3 pm*eiire 
of l 111 - elertrir field of ji Ulldaua or electron, mid the minimum 
gnimini-rfiy enorgy required in equal lo eIio hi irn of the rcaE 
vllffil'gtrH of the H&rtrail and positron 1.02 J[ov! Above thin 
ilirr-slmlil the cross serliun for absorption of |pmma md ini ion 
through pair pfwriiictkui rises tapklly until il to tin 1 dominalmg 
prnf^H* jiI very high cmergiey. 

The invert 1 proven of annihilation of u pc^itrun with a 
negative elerimn, msulte in the release nf two quanta of gamma 
i-ar[iation t I'inli of (1.51 Mev energy, following the roiu-lMHi: 
r - _!_,»■ —« y _|_ y t f)j- a msritoiniially r in srpei.ial eimimsEiiiiee* 
three i|uanta me prudurail or a .single gamma ray of I 02 Mav 
ti 'b\ ilt*. At ii till i ] it I ion i K'ri irs in r m i effirioi i fly after t h r ■ positrons 
Imve bnau slower I down lo thermal energies by ^altering and 
hriti7.ul ion in the Hurrou riding mcilktm. 

Tb<*t- pi'oi'j'-.H 1 .-. nf alee( rin- pair product ifpu and ainiihilu- 
liiih give in- lnisii' Hifartnalimi about the iutemetion l^uvcen 
light elementary fHirliekto and the electromagnetit field. 
Rqimlly important inwighl into the properties of Ilia heavy 
ideimuiiury jmrtirN is aril Vi puled from ntitfUra of the creation 
am I absorption of meaons. 

A hrief survey of i,he known unst/dde particle's feapprnpri- 
11i H , lo.dmw the threshold energies required Tor tlirir pmdut'lkui 
and the sdguilicmire nf medtminis Eiti Inola in rfturly the proper- 
i tpa i rf Hu eh pnrrii-h 1 :- S\xn^ dues mi pntaiit a complete Knrv F ey i if 
the liigh*enc]‘gy pm’lielefield, uur is the autihar sidhi-ieritly verged 
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in this field to present, iunl interpret the vapidly aratimuittftng 
new evidence. The >lutcriRflii■ M lit follow ip restricted to these 
part which Hire mart well ■.•slHlilitflinJ; renders should go 
elsewhere 1, for :i fflOrt- complete and documented analysts of 
high-energy phyttjffs.* 

n-Miwii* The original mwiiis discovered in rewsmic my 
experiment lire now known ns g-mwiniiH. Both ixxdtiveljr and 
negatively charged ^-tnettna are observed in i-lnml i luinilK'rfl, on 
which it magnetic field is superimposed, tty t h f- ilifTeronl direc¬ 
tions of i'M rvntiire nt die trucks- 11 fieneiTr the #; -meson is 
seen to atop in [he cloud iduuxihc’r A single elect run rjf the same 
shot of charge is observed ns a product. The electron track* 
usually umke sharp angles with the meson truck* and show a 
roiitinurnih energy distribution extending up to about SI Mcv, 
indicating a 3-pnrtirle process in which two mintoiliaing radia- 
(kms are alsu emitted, These neutral part ides tin’ presumed to 
lx? neutrinos: 

g + — ** + 2r 

J*~ — r + 2r (W) 

Electronic experiments show thin the half-life ftir rtaiy into 
electrons is about 2.1 x Hi aer. The relatively long life and 
I he tact that most g-niesoi ik survive in 1 m- slowed down ln'fore 
i [reliving show that they do rmt react strongly with nuclei, 
1 hia small unclear interaction erosa sect inn in incompatible with 
the large • rems section for production of mesons in nuelectr iiHr-r- 
nctionB mid Ini to the prediction and di,sect very of another type 
ill meson, die --mestm, which is responsible fur the large pro¬ 
duction cross section. 

Ohsorvutitw uf ihe i hturn tcrinth U I X H> " -ice demy 
period with elect mi tic tinne-riday ;ip[nir:iti|s caw lie used n> 
identify the a-mesotis, The dciiivisl l).fi|-McV positron an¬ 
nihilation radiation is also usefid in identifying the positive 

* fWI]ioi'[<>T numtiers refer tu the ffblitigiiLphy nl the unit nf I lie 
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n-tm -1iii. Tin- iijua* "f the.- ji-inrentj is (20tUl 2A) tth „ where 
m* is 11M" uutaw of i l 11 electron at rest. 1 

m-.U fawn*- The n tenons produced imd iiLisarbed in iniduar 
iuiem- Imiis urr ni l Id I jr-mosonH. In the uhsenro of oilier 
|jruet>6zteri Ull v 1 1 1 .■ i :l% into ^i-mesloiis with & uhiijm-terifilnj iiu , :mi 
life* nf 2,65 x 10' ■ SJEK5, To]lowing the rcartiuns: 

1T + —» -h If 

If - —» fl _ + I* 0-2) 

Uhsin'A ation uf i]iLi^ demy jtcrkid is evidence for the prweiuu: uf 
T-nuisona, Neutral x-mesons ill nsi disintegrate into two 
Mamma mya of 68 Mriy each : 

** —*y + r (1-3) 

with a very short metici life estimated us If) 14 ®e, The msullmg 
-y-mys I'rtTi I"!' 1 dotcMled through their defltitwi-pftir production- 
ir-mi^ons are produced by LLccderidors through :* wide 
variety uf relictions, resulting in both charged and neutral 
mesons. The simplest, roiiceptuully, is phut o-pira hint ion, iu 
Ij i-1 & i Jir■ homlm-rding nuliutiuii in u phutun whieli ."iris directly 
oil :l i; dr mn-lfTHi. iCvitk.Tii'i 1 Iulh Ihk-o ol.is lined for I lie follow¬ 
ing me Lions: 

7 + p -+ p(. + v + 

7 + p—*p + v* 
y + ft -» p + ^ 

7 + n —* n + r* fl-4) 

iSinrlnon-miL'Seon reactions are in even aivater variety t uf llie 
types: 

p+Jf-tp t W + ir f 

P + P->P + P + T* 

p + n -+p -f p + w~ 
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P + n n + a -f w + 

P + n p + n + r* 

ft 4- » —* n + fr ■+■ t _ 

n + n-Mi + ti + f 11 (idj) 

plus others in ■which mure than r-mesoii is pnvlurn!, if 
-suflirion^ energy is Available. Thr primary use .» un'h-mior* 
ill the 200- ii> .ilkl-.\J(n range hr*** Iseii fm (hr prmliirlinn rif 
■'-HMsscmw, anil 11 large Khun- of the nwsirrh imiug sm-li n. .-<4 
eratoix has been on the properties m jr-mesrem nrnl in rtlPti-sun'- 

monts of interaction iTos.’ wvtjnni- nf I lie ..jimhiry n*». iron* 

where mesons act a* tin* bombarding iiKent-, 

In any reaction in which a new particle is pmluml, energy 
equivalent. In the rest energy of the purtielc iinM be -.rippliiil 
1 reseu t experimental evidence LtHlieutrs feat ■•iiort'it'* r« 
charged and neutral r-me»ons of 1 : 

«!»■ = ( 271 *. 1 ± * 2 .'H)»i. = HI M«v 

rtf*- — C270,1 ±: L.d-jtn,, = 141 Mev 

Wt* = 12t.i4.fi ± 3.2Jm, = 135 Mev 

Threshold energy for meson production is given by the 

conditio] that the prndtii i particle's haw zero reluiivc kincii> 
encrej'. This means that the products move off (ugellier with 
the cepter-of-tuiuis vetocrity. Momeanutn must also l*c con- 
*1^ ™ the collision In (lie Gumma-ray react inns IK* pi. I -1 
Ihu incident momentum is small, ho the threshold gainjan my 
e1,t W is only slightly larger than the rust energy, <*r ukmt Ini 
Mev. In heavy particle collisions the incident particle must 
alrio supply the kinetic energy of the moving nruler-of-inns!, 
ilncshdld energy is given by 1 : 

E, - W (l + jjj}) (l-e) 

where? m T m the ir-meson mnsa urnl M is t.hr nuian uf the nuctouu. 
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When if ir evaluated for s>ie |initc)]i-nud™n reactions (Tirjs, 
1-3). t his threshold energy is 2f H Mw for prudutrUon uf F--mra- 
oti 4 or 2B0 Mev for 

Ruinbiirdinc pfcLrt.ick energy mu- 5 .* lie well above the lljrrah- 
old to prudm (■ ji l'lMisoiuiljli? m I unsits of mason*- Tho expiation 
function for 1114■ |itoith;- shows a rapid increase in cross. want inti 
with muauy nlMJvi 1 the threshold. Furthermore, the bomhiinl- 
LiLg p:irtidrH lose energy Uy ioiiLBUtinn in the material of the 
target, £0 the clTeelivi- turgid i Jiieknc*s depuid* on the exeesa 
energy above the threshold, and the total yield of m^ons is mi 
even Steepler function uf i-nurEy, To illustrate this point, the 
tiit.nl niE-.yiHi III. ix for ri jiiivtilGht team < unreins ut the University 
uf (-Lur.-ago ^ym-hnveydoiron (450-Mey protons) is about 50 
tiiiirtf tluit. Hi i he IMverasly of Rwrhesier machine (2-1-0 3* 14 ■ \ 
prutoiuO. K^n-nmcms Ittttmu 1 simpler, arid precision improves 
with higher meson hm-naii ich, Furthermore* the reddOfil 
kinetic energy ^ the meMi fomuHl fibo depends on I ho energy 
osi’o vs s&hove thrndiuldj ami i l ia clear that u wide ran fit? in meson 
energy is defimLIe fur a Elmrnugh nndereluuiling of meson 
pru|K-r1 ion In planning aisjderntor^ it is well to ruiogniae this 
rei luirement for particle energies well el hove threshold limits uf 
the re tuitions to be Hudied- 

VVIn-Li either the target nuclei or the bombard ini' part,it ks 
, uontiirt of more tJniii single midftHiB, the Hired mid energy ^ 
lower than that nan puled from. Fq. 3 h_ "L'hi:- can he under- 
idiKid hi terms of the illtmial Fermi energy 7b uf a nucleus con- 
4-dng of several purl He* amJ the average polentad energy of a 
]mi'Ii"i11 in such u nucleus, V. Threshold energy for meson 
prailuction i^ unven approximately by 1 : T. - w-v* + T r T F* 
For riut'lci heavier than helium, ir-mesons oim !:*■ produced by 
incipient nurleona having energies ns low Eta 180 Mev- Studies 

i ri-:i:■ l iou thresholrfa in Rn-h complex .lei reveal inure about 

tin 1 nu^luoiL-nucleoH furees within the nucleus than nlmiit I tic 
TT -tno^m pmccHS. Mart large aereleralare arc now arranged to 
rii’ecierate protons in order to simplify the iuterprebitlcuis* mat 
in m far its U practical hydrogen targets are being developed to 
reduce complex sty in studying target ini enactions. 
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Heavy Alesm i*. In Ldgh-onflrfiy ftnaanits ray pjN^c&sm t 
sflveru] other partidr* have been obft*rv«l by oang tbn trdh- 
mqiic? of repotting pliatGgmpIm: emiilfflLUM to ihc* primary cosmic 
™3's at high altitudes. At Lhn start these won-- rbiuaifieiI m-- 
m ruling: to their different mechanisms of interaction with nuclei 
ami vtim called by the names F, K r * ( r p etc* They each seemed 
tn I.e distil! rtly heavier than the r-mesuri ami would rerjliirr 
Inglier bombarding cmtgm to product. Sonn uiv uittervn] 
only in processes involving extremely high-energy primary 
particles, inferred from the number of pro tigs and the aiigh 1 of 
the forward N jet ,? in ike "stare" in which they are funned. 
Present estimates suggest and preliminary experimental resulits 
hIiow that a primary energy of myeml Jfev will he required to 
form saint’ qf these "strange 87 particles in suiffieirnl intenaily to 
be observable in the prases u v of the more common t- mesons, 

I Sip neutral! "V-paitiele” 1ms for h& dcfhung property an 
inverted V-tmek inthaemuMon or dwd chamber, of which one 
pmng tats the derate iomaatiou ami imitdl scattering n*fr»c:iaU-d 
with the proton, and the other has the rbuxa^tenzt irs of n 
TT-Jliecforj. Tile nonionizing, neutral purl He which deriiys into 
fiuvli products mtiBt. have a rest energy -HigniFicantly greater i Lli.ii 
that of a neutron. More detailed evidence from Hand i hftmh cr 
tracks has eoufitnied Ihe identification uf tin.- prut cm nn<! rsegrt- 
tive meson products in severed inatanves. 

However, in swim early ni.-mk< my pliEUrvutiunN an auuly- 
■ s ^ nl 1 he prongs uf ji V-truck showed them both to \h* of lesH 
tiiasi micdcojui 1 moss; sn sub-cIasHra vrmu recogmjsetI ( described 
^ b+ ls 5 r* * etc, Furthermore, some charged particle 
tnveka making a sharp change in direction mid truck density 
w r cre interpreted ns leading iu one charged and one neutral 
prong; the primary radiation in this caw? was called a "charged 
r-partii'le." The origin ril type thru became known as a F/- 
partiefe. 

In like revised lennfoofogy proposed ai the Itagnbreh 
Ccmfcrt-rn'e in July, 1 IM53, the henvier-thsitHuicleari purlir[i a n 
fhyperons) are called A-particles,, tlie intermc'dirtte ulzikh particles 
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arc culled K tiMSOtm slid the light mesons ja and it retain their 
former designations. 

Arcelemtuni nm idstj U« used to produce and study the 
heavy tmMnble purth-les r A ringJe example will be i-ilml in 
ilhiRtniliLni, Recent photographic tvidenne obtained using a 
hydrogen-filled cloud chamber in llir ir-meson tieom of the 
Rrookhnvcn cuwmdtruu ikec (liap, d) suggests ihrtl two kind* of 
neutral 7-portivlrK can h%-> created in pairs. The few phuto- 
KFipha obttunctl jind analyzed to date indicate the strong 
possibility of a proee«* of the following type: 

*“ + p -+ A B + ** 

A&->*~ + jj + (Z7 =f= 11)Kiev 

-» r“ + ir + + (25S ± 35) Mev (1-7) 

Figure l-l is a sketch made from a phijtogmpli obtained 
Spy Fowler. Shutt, Thorndike, nml Whittemure 1 in lute I AM. 
Tlie l emu nation nf the original f^wn trank fl.6 Rev) indi¬ 
cates the point where ihtj primary ration acctirved, Of the 
two V-tmekg result ium,, one I'onsints of >. proton and a negative 
meson, the other of two mesons, descriU'd by the secondary 
equations f 1-T>. Measurements nf the angle* and of the 
momenta nf the Ernrks obtained from L3ii-]r radii of i-Urvature in 
the magnctii' held give the f^-valncs iudhviUnl, and lead to nuiAn 
urti mates of the two neutral particles of; m iA 11 ) fllOO ± 12) 
Mev and = (SBS ± 40) Mev. Thus the A # is heavier 

than nucleonic inusi, and. the is in tin* interimHiiiite fungc 
lrf>twi>en r-mrsniis mid mu loons. An estimate iff the energy 
threshold iif the incident protons required to produce this re- 
neliou i.n about 1.0 Rev. Considerably higher energy i- mewled 
tn obtain adequate intensity and to study the prtN^e in detail. 

Crapkiral Summary. Our |►resent Linde^aiiding of thin 
relations beUiaTin some nf the letter known nuclear particles 
amt radial ions is summarized in Fig. 1-2, in which the particles 
arc 1 displayed on jl mass or rest-energy diagram in Rev units. 
J'kii'li particle is indicated by ll hiirizoritnl lino and m identify- 
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K*n, I I. Rkntoli Irani ptiQtoicr&pb of doubto V fvent in .-l hy¬ 
drogen fiMeJ prefigure i bud dji-miber irriulintml Uy 1.5-Btv rneiautiH [i*m\ 
I hr BrutiklinVCfl Cos taut rati Two nnulrciJ jiurticb nm produced, ano 
dwnymjf Intu a p" and a * m^oii, and thn other inti* two vimmcini. 
(Oouriesy nf Fowler, Shull, Tbcrndiko, mu.I Wlsittcmort, Brnokiiiivos! 
Nalbrml Laboratory p S^ptembcir, 1U53..I 

mg pymlnd, with *Li|wfffiri]Jto inclic-ntii <ll the- ifhurKc 1 . (My two 
id’ I lir utotos Intro rtn infmi.U- life, Ekaan for the pn.ilon 

/j “ iiuil thi>dwitron t ■ All uthura sirt 1 uufttohle in thii sitin' 
Known ifei'uy fofdf-Bvi*H linlvil; n Fow w« ■ II eih-nl.ilkKl ilurny 
pg-nncasm sir.* iltiuvhritoi lay arrow* fouling in ihe pruiui-1 
pnrt'irti^, Whnr a [muiontaing i^ni-nu^-fi mdblirm urrum- 
IKifiios thr- (foray, it in Indical^] Uy ihe Hynitotl > or u f.lu- 

nrNiw«; 11n ■ energy rel+\wd fib- Q-vulucO in a Inn %\Ym in 

I ir.n'ivLil s, ritfirr f wiiliH^s <>r| in ■ i i.-l ni<- mvs ■:?. K, k\ 

nn- not torafcri npcH-iftafllly The r-im^nu mium is viiy rUjw 
la that of rhr- pnrtfofo, i-mil far Ihn other* ilie nutu# vnluort uni 
fHdifrvrrl in to' in thr mnw region It i* pftslblo Unit umu- o| 
tlww "riuuigr" purtiHr-s wm rektocl in i he ff n -|^n'i iidi?, Sioiikrly 
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Km. 12 Vln*s C'lii'l-^LV dmui'nlu tiF Mrtut- tii Cho bctlcr known 
puriirlcN Ljai'li pciriido in ™pn'wexi.ted by u line hi the uppropriiue 
vaIuf! of n'Hl nrH-r^y eh JVv unil* mt\ iffatii ifWd Uy symbols mid I hr 
ttecny TimIf-1 Iff:. AmftH fefrow i hr 4gCuV plWig&Dtt ami prodtlcba, Tlio 
Hrni.ifchiiTPii double l r -ovpr*t nft*H ion ib ulno Lruls^itterl, 


ih-- duirgnl A-jipxtiite fir*' imilmJisl in hiiu nppii^rtd itit> 

Apartible, nlLhimgli iln-ir pxjiH mu^3 values iinr! even \hm 

rvjfltpuri!! ij tp wti]1 uni'iTtiiiri. 

Figuri- 1-2 serves s.ht- useful puipoEo <if identifying 1 In- 

iivM particle i^niiirmli^v im jl rnjiHs KeiiJe jumI tdunvrf I be throe 
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c losses nf litiRlfihli- pairtidw: the A-im^un^ (light!, the /C-meson# 
iinii riiu-i liiLU* ■ hi id rhe K-pariideh mi hypemiiis (Mir [M • nJi i> - 
liiin reaction is SU unrated in tin- liguiv, lln- on*- hIi^tvmI a! 
Brookhaveii and givnii m Eq, 1-7. This iiarrictdinr pion->- h mf 
special it Merest in the pnuimii s-oiitext- p showing haw sijrli Ingli- 
oneygy aetJefemUini cun provide \hv mcrinj-: tif M.inlying 
tifilly nil Liu? known nuclear particle* and radiations. 

If a single partible of iiucteouir mows b to N- uri-atrd di¬ 
rectly through materialisation of energy > the rhiv.-shuld energy 
uf tin b icidcui |i«n limit obtained from Ei[. 1 -J1 b 234 Her. l!' 
mMcnjiff nut be p^nhiml only in pairs* in analogy b> ulw't.mn- 
puir production* the threshold kinr-1 ii: ciiurgy in jl nu* Icmii- 
nmdeon reaction would lie 5,i> Bev If heavy particles arc to 
Im? formed IN al l excitation hi ate <4 higher fust- energy than a 
stable nucleon, believed to lie true fur the A 1 pnriidefft the 
threshold energies would lie cnm^ntiinglT hitter. Iti any 
L'aao the eutrgy required to produce the phenomenon with *uf- 
tfrient inteRHity to U fc observable would l:* b well a hove I lie thresh- 
old eQurgy for the protons. 

Proof of the pmhidion of a "negative proton/ 1 either by 
itUL p |is0n-pmr production or from sninc ml her proms?!, would In* of 
considerable th^reth-al significance!-.. [framing from thecharge- 1 
symmetry exhibit! ■■ l by til her elementary part ]\im would augment 
n place in nature for such a negatively charm'd niielonru hi 
reactions Involving the mmiliibitiirn nf a negative proton with a 
positive proton 1 lie- total Energy release in tilt ftnitwr-Of-iimw* 
system of cornBiwtflB' would \m J ,H7i\ Mev. A variety of com- 
petilig reactions cm be aulirijaifced* yielding mesons in various 
numbers and types. 1 The senrdi for new p&ttigtQff is one of 
the more stimulating features uf rcHsernreh in l.igh-rnorgy particle 
physics. 

For nil the process described alwve high energies «re 
desirable, and for sonic uf them tlip energies required may tx- 
greater than those available from any existing juncleffltor, 
High lyenm inlE-nsitiefl arc equally important to obtain statisti- 
L'-tllly significant results, The high intensities available from 
accelerators make them more suitable than oaturally ouvunilig 
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roHiiuc I'll ya fur some researuh problems. Beam d&nBity^ in 
pirrEtden jw feqttare vn\ per Bemud, i* 10 n to Iff limns higher 
| him I he cosinjir my fins, even ill the top of the* litmonphcre. 
I'IlIh in iiol in S 2 iv Llirfei jimdemtors nre likely to inice over the 
eniire •■“•ihiiiir my field. The top end of Li ip niennir my energy 
tfpeHmrii [> Hi 1 ' eWtrnis veslt h • oxcwl^ Uy mririy orders of mag- 
11 n in In 11 le mew I * *p t inti nt i i 1*1 lergy cat ii mil i fc s \ f y at-relmLtur 
di'-nignera tii]d 1 nf roarer, studies of the origin llth [ properties uf 
llm eoHniif rays (jffcr a continuing challenge for the cosmic my 
phyaririst. 

1*3 Memn-PriirliRcirip; Accelerator? 

I'lir -i'vpfiil Hri^lnnifors already 1 1 « >-i rvii:f in tin 1 200- In 
AIM-Me v vnutiffi range have added greatly to our knowlealge uf 
elciiieoiary p&rikdo processes; Firituns from ayrndiroeydotmim 
111 . n I ore Ih rge i 1 1 1 os ni lies rsF pud i ivi 1 a rn 1 i legal i \»■ t- i nreons, 
in «l lisp jii'udiLflinri uf nmjItu! ir*mesunB with the FnivertiiT.y uf 
tlailiforriia IS4-in mmhme resulted in the first precise mawiin:- 
mpiit uf I lie pmtKfrti^ of thin new particle. Electron synch n>- 

.. . and lini'iir lu-celerLUnrH prodm# im*n>nfl through photon 

liiirlmr pmccaaea (Eqa. h i ) and offer » hope for I lie future of 
very hiidi-in tensity meson beamit. 

Mittun production effldetit.y (rxrit-Atifln functions! and 
meson pmjB'rlipfl jftirh an mesa ami mean lifetime have been 
pLiilo ani'Ui'iiiely fiet.ermineth firms ^cimos for iutrrmlMm of 
l»fwrtiv(- and negative menuim with protons mid other nuclei 
have Ih-cei uhinined for meson enorgieaup loSOO Alev. Angular 
iliKirihutim'tfi u) nerved in Else scattering of mesons by niideam 
i-an In imerpi'eterl i-i show the range and «Mln-r properties of the 
itii--i h i-irin-lt-oM iWw. iteim'* irf other experiments have con¬ 
firmed mid (^tended the precision uf cosmic my ofwr\ jiliotwL 

The Bmokhsivi'h uirattotfun, a proton synchrotron capable 
ut iirmloniig I! lk s v prntunw. has been in operation rfinee \9o2 at 
2 A Bev, mid lk:is rceefitly reached ila d^nigniil nmaximum t-nrrg> r . 
\L Berkeley i hc H^vsitroii in appimehing completion; st is 
ill lie ill' reach lug still higlmr energies, of up fi- Rev. 

ExjH.rtmeuUil reN-aruh with the rnsmotrou i* undenvoy iin 
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high i AfiHrn a (xmLmATms 


mjLisy front* Uuud j^liilI i. r pihulugmpha in hide] impure hy- 
i]r(^!-n Rinibuw ahown in itienm fur V'-partirl+’H, uiulliph* nu-aon 
prihWtiom riiuny-prciiigi.it star* runl oilier plierinmcnu. Elre- 
Iranin aim] it illation eiystnl counter^ in enin ride? are eimulh have 
Hch'il used irk i il i?*fnx 1 i-tuLrgu'l meauiin am I \a study the anitT- 
iirliun eroa* m j <'lions uf nicmug willi nmiWi up in 1,5 IVv Nu- 
vtpfkr « muMons ahem' u variety i if phenomena, a m inding miil- 
11 ple-prongcd atara T meson pruduerinn. nm) wimp eviikrjne for 
flume of r hr mfo heavy meson-.. 

1*4 Multi-Ik*; Accelerator* 

The rote of high-energy aerekmtor* in dir study uf ele¬ 
mentary purl irie processes am] of the abort range profjeriti 1 * of 
the form h-'hvi-rn simh piirtieles The ofickar n-iivi-, whirii 
liimts rmi'lei fngriher llihI lends to the eniiEtirjImHnn nf energy 
release I m Mssiun and in thmimmidetir proi'CJ^es, b null very 
imperfi-rUy underytood. rnforrmiiem euming from the diriu- 
legmtmti of imdd nail fit-uttering of particles nt lower energies 
liaa Imhuj nm--tfittry and valuable, bill ilsrif appears to fc** iiu-on- 
riuatve. There is a growing- ronviirljoji amimg theoretieul 
physicists dial, n pomplptp tfcflrripLion of nuclear fon*fl wilt 
involve meson Ikiik in the nurkus. To httidy meson jyrojiert l+ , . , -j 
high-energy aut-elemiors are I'HVuliril, nnil scientists are nHuck- 
irjs; this problem with n considerable immlier of 2W- to frflVMev 
urrelMitorfl. It k aba probable dial the 1 ‘strange 1 ' mutable 

particles miwt l*e din bod into naively in nrdor in nil demand 
meson properties Energies fncjaiitil for furtlier prngrraN in the 
itfistaljla particle field are in the range above L Itev, where few 
uf the present Eliurliijies eim go, 

The real Iiojjc fur exploring Uio tmiUi>bi|]iini-voll 
Seva is to lie in uHliicing the principle oi "uheiTiaihig grudieoi 
focusing*' nr "slroug-fiKuising, 11 su the proton xynohnii mo, 
which. makes neiielemtur& of 10 or twin? Bev miuttnrMo&lly prac¬ 
tical, Iliia itevelopment r initiated at tlte BrtMikhaveu Nkrioiuil 
Lii„Iw>ratfiry in ihe i^unmer 11 f 1 tfn2, >Hft 1 r- a prsi■ Iii■: lI mi l lu m i iif 
reduring n^r at Uiia high-fneigy rjifigi-. 
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Tim 1 tMfvfir.il ru^filorators men! iimed jlI mat will he di’srril'ied 
,ii IIm> fihitptena to follow, iiirhdhig thfi present rtage nf rli&tgn 
, 4 i (4’ si ]■( >i tg fi h 11 ii nyi irlj rot mi l OlS L I i i*t i l serins auI v tad 1 1 h 
iu iltai’ijra Haim'! gemml print 1 ipk-ti of ninlion nf porlidt* wliiHi 
apply to dll higlHfilicrgy su'tTlsTttN'jrs, These can be dr-srrilait 
in tiTLns nf tlm typuirions ol motion and include the projicrtieB 
o| ion ojicI electron orbits in uuigutftir and derTrio fields r 1 lie* 
rijuiriinjs tones resulting from certain rrmfi^umtions nf ihctffi 
tR-Ula, and t hi- several prineiples of refloniutf* and synchronous 
• ioUiliiy which caii iw railed on to zn'rdrmtr the pnrtidm Wo 
■■ |il11 u i 1 it fc n t with a brief miuLyhhs ojf Tin 1 equations of rontmn to 
, [r-iirn 1 Ihfi problems and to imtidijuti' the principles of dt>ign of 
11 igh-ei 3i ■ ivy accelerators- 






CHAPTER l 

Principles of Atcclcratlfm to Hiph Encrpit^ 


Charged particles Lire ii£t fc eteated only by elertrir fields 
uml i n L ] ic: direction of Eh* 1 held {for p^-Rsit tvely * 'hit rgtd piiitidosj. 
Magnetic fields exert forces al right angles to tin- direction ni 
pttrtidle motion and cannot dmiigr the energy, except through 
lung variations. Both electric.' and magnetic Fields are quun¬ 
titled that vary in direction and magnitude m :i fumt ion of 
position or of time. Tflectiiir fields anr L i-HtabBidn'd by arrays of 
electrodes on which an i table potentials mr imprv.wrl. Mjtg- 
Eiefciu fields* in aiiodomtors, are usually develofied lietwwi the 
pule fares of an iron magnetic circuit which w powered by 
current-carrying roils, One purpo&c ■ the nmgnelir field is 
to produce circular orbits of the otherwise extremely long par¬ 
ticle patlis, eu jik to confine particle motion? wilhin a cirmlnr, 
evacuated rhumber which *m ntaina the nnirteruting electrodes* 
Another fuiutian in to provide restoring forces that mjtrirl 
particle motions to a region Hose lo the desired circular orbit, 

The general motion of a charged particle acted upon totb 
by electric and magnetic fields* which may vary in direction, m 
magnitude or in time, vii.fi !«* extremely mnplic-litrd The 
partklc obeys the laws of decLrodyiiamins. in iiemriinitcv With 
the equations of motion. In principle, if the fields ure known at 
even:- point in the path, the iHHnplet.e IrajcHun of I hi- particle 
from HuLjnic to target ran !*• computed. However, exact point™ 
by-poini calculations of p&rtidg mu Lion would lw in impossibly 
tedious task It is necessary to ^amplify the iipplicai ioEi of the 
^nations of motion. 

In ail practical Hcrreksrtttors ftimpIificiLtion u[ ihi- nmliun 
results from symmetry of the fields. Whenever Her trie mid 
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tnughoLb fields art- used together, their major component h are 
zsl right nngleH hj h 1 1n fe another, The resulting magnetic 
bnr in the feline plane zia Ih«- electric ari-ekiratmg force, and 
|i;irt.idt 1 orbits art 1 cdiilinrd to this plant 1 . Field components its 
other diivHiiiM.«-. air muddler in iruMfriitiide and arranged tn I".' 

4 -•vniiLietrii'iil zdanit l.lu s urbii plane ?^i ii^ lo provide restoring 
l^rn^ fur whhili deviate from I his plane. Such «ym- 

mctry iwull* in u i^ndideiubtu Hinplificulmn in ^jiving the 
cijisiliuisw of motion. The orbital million of particles in the 
1 ‘i'rilml plane ran l-i- considered separately, and tdie additional 
i Motions due Lo the minor component of the fields rail in" 
livLiu-d an ^eohII perturbations. 

Another simpLiltealkiN results from the repetitive nature 
of unvlemikio in high-energy accelerators, In the circular 
magnetic jindmit.orfi the lairlicles make many revolutions over 
iilidObt identical orbits. Tin 1 relatively tAoss variation* in 
energy itr orbit radius run \w i t rustled us smiwUily varying, 
zulkhui it- fiuttigeiH. by blowing certain parameters in lb 1 equa- 
riuim of motion hi vary h lowly. Buuh YfiriatioiiH can then tie 

-u | KuinipnHed on I In equations of orbital mol.. without 

serious error- 

2A Itclntivhcir Equation* of Motion 

7\L«>h 1 ni tfn- modern high-energy uerelci-jilora, sin-h hs ilie 
. yclutmn, the syiH’]inM'ye]mrmi p E bit- betatron, the oJfectTnn 
-yipin'ot rmi, and the |Wtf>H (or Iirqneney-mndiduted) Kyu- 
loot mi i, use magnetic fields in produce motion in circular 
nrUjtH, The equations of aiOthixi an 1 fimrianierLtEilly tin 1 f=amr 
< “vlirnlrii-iil I'otunihnsiteR give the simple formulation of the 
e<iuatiouet nf motion b m axially symmetric magnetic field 
when* the urE^Sc rating electric fields arc applied tangentially 
ansi act sb torques about the zixis L>f symmetry. SVr will use r 
fur orl>ii radius, fl for angular puHllimi, timl : for displacement 
from u median plane, as illustrated in Fig. LM. 

R;idi:i| motion can he described in terms of the mitral 
Lome on the moving iwtirlc provided by the axial magnetic 
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FlO. 2-1. Cylindrical roontimilm of mol ion, r, <J, 1 , 

A parlido orbit (solid Liner lifihnwn relative Itp l.ltr msdUit 
pfarp (dotted linaj In a uniform nmnnotir Reid, 

fteldi K = mt>~ t ~ <tH, , whem tm, r, ami > unr tlir mass, 
I'har^r, and vHorfl.v of it pnrtiele moving id a rirrubir mbit r 

rn n field having ..viiil component It. . We need to study 

l-lir; rliangc In the nulhiJ mm inn due fn Variations in r. U, etc., 
tile deviation? from an ideal riirukur or I ill, in wliinh vase the 
eijuntion rd motion ran lw written: 

<fr ** 

W m w r " nB ‘ 

Wa utsr & = w = i- V fur angular volwity, mr = m tly/dt fur 
rEMJiiiI momentum tun! irvn\ llif 1 n)^ tn ^ a vjtnihMr n\bm 
fur relatiyistii 1 rh tinges The rLm.fr rate uf i-himRi; oi rwita.1 
nioinetifirm hetrcmra: 

'■j f (nr) = mrtf - trQB, (JM) 

Angular motion is e le^.ril.ie< I in term $ of thf linw nUr cfF 
I'hwnga of angular momt-nuim lttfdt)(m/§) amt «hi- hmjuea 
iwting i r> change this moment, uin+ The torque line to the 
applied diH'trif- fir h.l am s^xpreas^l :is dtt\'d", the work ti\r 
rlimr on the part irk* h\ ho Liu^ihr disphurmenf tin I'far 
itEvoleraliiiR torque *lL/d$ [* the energy lowt by mjlktiun char in 
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llie radial ,|i irlri.iiioi3 ol 1 lie rlinrgtMl [lart.irlc ill ltd r-inriS ilt 
orb)0 A Hun? torque Ls due Lo 1 lit* induced electromotive torre 
« .ujmhI by any lime riijmtidn of (her magnetic Hux threading the 
nrbiG unit (he energy involve! is - bif/rff) per turn or b 2 tJ 
i>/' E". '* ft\ per rodia 11 , wl u ■ re 't r is tin' lhi\ tluuiigii the orbit. The 
rin«l equation for mi kuSjlt motion i* (riven liy: 


i(«A-g). ^(2-2) 

Wi 1 V 2wJ M d$ 

Axial momentum is affected imly by axial forces due to ft 
i.-iiluil rafti[W}nerit of magnetic field /J r ,mu) is described as: 


— = ertSr (^-3) 

In the three equatiunfl of motion ukive fftqB. 2-l„ 2-Jj 2-3) 
mLtomdis&d inks unit* art- used. The algebraic signs apply f"r 
olmiroos; they nan lw adapted to pu&itively charged particles 
by changing the sign of the charge c. All the intent iumdly 
applied variations in the r-xperimeiUiil parameters are included 
for all the circular Re^tanrture. No terms have been in- 
ilinli'ii r however, in reprewnt phy^iml imperfectiorud in tire 
I'XfierimeTikil apjwimtiiH. It is trail n ih L I ml- example that I he 
magnet n field is symmetrintl wish angle. so no HTin is iti- 
i link'd associated with jlti azimuthal component of fields lit . 
It m :il&D assumed that the finld is symmetrical about Else 
i ihhII.iil plane (? = 0). Furthermore, the equations will nol 
Aum the limitations tes particle Qrhitti due to the physical walls 
■ ■I (lit vacuum ebajufeor or to the finite extent nf the mapetic 
litdih 

Completely gem 1 ml Liticijits 1 r► these equations of motion 
would Ik* unnecessarily cqmplicaled anti of questionable value. 
\\ v shah analyze the equations first with regard to the separable 
Components of mot ion ami ahull derive the simple relations ap¬ 
plicable- to individual nwhinea. 

Consider first the orbital motion described by Eq. 2-1. 
The -Siinptr^ i fc n»e, that for an orbit of ennetunt radius, comes 
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by lotting r = I), anil w« have: 

if>V = mu = tB, f 2 - 4 ) 

This in I lu.' fundamental relit tin ti for motion in :i circular orbit, 
man- mnmoidy express'd in terms of the velocity in tin- form: 

flip * eBif (2-5} 

Another form uf liu* equation involving the fnnuirm-.v of rt-vu- 
httinti of ihr- |»triides in the nthii, / ■ u? 2*-. in ihc cyi-lotmti 
rrsomimse relation: 


U 


iA 

2»frt 


(2-0) 


The frequency of revolution will lie u etaisiiUit in n, uniform and 
EsMhjddy magnetjr field if Lhe rims* of the purt-icin; ronmii^ van* 
stunt; thiH Ls true only for noun-kUiviblk" velwiiipjj. 

Far high eiierpne* ver mu si uki- the relmtivirtL’ rxpft^bHPii 
for momentum: 

m , _ 0 ? - AV) 11 _ inr + z&)f* 

t £ 


Hen. 1 /•; « mr* is the I olid energy, /■.', = tike 1 in the particle 
reat energy> and T is the kinetic energy, following the defimlinu, 
E = E a 4- T. 

Ufling ( his relation we «-ati express F,i\ 2-5 In terra* uf tin* 

orbit melius: 

. _ [r(r + 2 A„}r 

ret. u “' } 


When Ef, and 7 ’ are expressed m Mi?v units ami H is in wIht.h 
[ jer square meter [units of 111,000 gauss) this becomes: 


[T(T + 2E»)] 

soo/i. 


i«® 


tuotera 


( 2 - 7 a! 
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uriiLlillATION TO HIGH ENERGIES 

Values of met energy, I'n = wtuC 3 , in Mev units, ore given 
lido* for the particles used in accelerator!!: 

Puritel* HtetEmtyy tin s 


Electro* mi 

Proton f«3S 

Itattarfitt 1877. 

liydrugL-u muJcciibw Ion iK7A_ 

Daubly Eon.i 1 e. 5 iHt helium [ 1733 . 


By n-armugcittpdt of Eq. 2-7 the kinetic energy is given by: 

7* + 2TE« - eV»,V {2*®) 

In lln.' relftlivietio limit niwn; ihe kino lie i-t if rK> r T i» very 
1 nrge relative li> rest enoruy £'g, thin redurr* to: 

T ~ ccB 4 r (2-8ft) 

Tills JthuU's Iho proportionality between kinetic energy and 
motiuiitian, ti,r, at very high energies. 

In Table 2-1 a few typical values of orbit radius comptitod 
from Eq. 2-7 are lintr-vl in show the dimeindcHwl requirementH 
nf jiri-oleratois. ( ft) using Eq, 2-7 for alpha part,idee the rlmrge 
■ must 1«‘ i I'M]hied.) Note the approach t.o u linear relationship 
l«r dertroru; at quite low energies, Note ulan the converging 
dimensions for oiwt.ron mu I heiivy-ioji orbits at high energies. 
The relativistic expression for orbit,at frequency emnes 


Table J j, Orbit rmlius fnual#wi in. n miipiotlD tii-M nf i withor,, cn* 


r, Mov 

Klptitmvug 

Protoim 

1 Jcitfrrons 

Hr- 1 *' jimfl 

1 

IN 

o m 

ei aw 

0.144 

10 


0.457 

11,64® 

0 454 

111) 

0 SSM 

1-4H 

STM 

1.45 

lOtKI 

3.33 

a in 

7 2fi 

1 K5 

IfflfflO 

33.3 

30 3 

3U 0 

32 0 
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from Eq. 24s by inserting the? eftfir^v equivulL-isi r*i Him him - 

t _ f/ix e* rB, ( I \ 

J 2r (E« + T) U + 7’M'J 



Hour m the nonrcrlativi^lii; cyclotron frcfjueiiry, u ht«‘h <-mi 
[tr considered a ronsUail of l In? motion.. Equuifcou J 'i .Fu^ 

the i:hungn in applied frequency iieeuasitry In ... tin n n 

njince in th-r- uniform field of u ^iiehnjryelol ioii uhli im m i ih- 
particle energy. 

Orbital frequency ran also htc t j x|m‘^i-i[ i i• irim* nf nrbil 
rmiiiia by using the reklivistic relation for velm-ity: 



The numerical ronal&iil ia readily evnimOrd Iihill a.- T 
nml Kii arc expressed in tike same unit- =uni ,■ w m 11 m • i > -1. \w 
have: 

As an example, consider a high-energy electron in mi orbit of 
1 m melius in a Hyiidirntrmi (the magnetic lii-ld urn-* Imvi Ihr 
proper value), Ear energies above n feu Mvv tin- n>h»uiJ Inrtn 
involving the energies Ijotrorac# negligible, mill the Iw-qiirin 
approaches a constant value of -17,8 Mc/aeci. 


frrMr^ f Orbital frequency (Mc/wrfl.) ut ] im-Iti mi’ 


7\ Mev 

Klect runs 

Prut fma 

1 JnljlComi. 

lfr ,f HHi 

a 

B a m 

15.2 

7.(10 

r at 

to 

1<U33. 

15 2 

T.nn 

7M 

IMP 

m 

I3fi 

7x34 

7 Aft 

UWO 

H 3 

7.411 

5 m 

a OB 

toow 

1.44 

1.32 

1 St 

3.11 
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in I ill ilk 1 2-2 a few Lypii-ul valuer of ion rntutiuiL frequeiiey 
are for Mu- Never,id p&rtirlcH, The magnetic held is I 

w«|>rr/ni% mid Mu* nrUh rudis llit Llio.si 1 - giyeo jti Table 2-1. 
Nulr I hr rim Verging VJilm'H uf fre^IJrlLrY for Jill JNirlii'lutf III 
vrr y high uiefgieh S'hr n i£ n I i> »n frpqijfuiwfi For dilTervnt mag¬ 
netic fiolil* am 1 invvrady prufuarl iuiui.1 n* the Unix ilcndty. 

2.2 Orbitnl Siuliiliiy 

Vii add a donas rvijtiirerajetil fur ukr^Jcmtors b Iliad 13iev 
provide r Maturing lures foi |uu’lihal deviate from i hr 
iULlr.ll orbit. ForiiMiig forces mv ewHentinl f.n preveni lutw of 
(In* beam agiiinat Lite riijiin ]ht walk while- the purtkden are 
imveraing their thoutfakiiib «if revolmhurts. Jn ail absolutely 
uniform magnet ie field a p&riMe milking il small angle with 
I he plane of the orbit would imv-c-ttie u helical .spiral, and the 
avijii iiiaplarrmnif would i lac ten,we linearly with the mimlttr of 
revoluhuns, FlirtJlflrtnim-, nuliiil disphiremuils, of the actual 
orbit may umir which would ciius* Lhc particle 1 m he Irani again*! 
the side* of i hr vtu'uum rlminUu'. It k casu 11 ia I that flu- ap¬ 
plied cleririe and magnetic held* provide suitable featuring 
fortiRs in fonts tin- put heirs iduriit (.hr rrrilntt orbit, 

Snrfi restoring fnrees will eKiHl in n magnetic jM wkit'k 
in ma$niiuih with tawming radius, In ihi* (idd 
1 hr linrs uf magnetie flux mr r-ntituvc itiwtml. This concave 
*1 tape is I lie r ultra rid shape of I hr mn+pietie fii-ltl cir-o r the periph¬ 
ery Uitwron cylindrical IMlU-H with tint, fare* smd is railed 
“fringing.'" In oilier region h thin dupe mn I*r- mhiCYHl by 
nulluurmg the pub faces so lied gap ieuiftli iiii , n«iHC* t and f|i;L% 
di'tiflily dm 1 reuse*, with increasing mdhm, Figure 2-2 i* a diu- 
Lirnm of a ftiugiLHic field l^twmi iyc|ut.NUl pole fakers commonly 
usfhJ hi ill iihl ml e this concave far Id and tditwva Elio duwtion uf 
die furrg-s ON charged [Mu 1 ! irh-s moving in urhits above uf lutow 
i lit j median ptsuLc. 

The di red ion of the magnetic force on the moving particle 
is- tiumial in 1 hr hwral dirnrliiu nf the rimgriclir Hidl For |mr- 
lii'ie* abo\e the median plane it. will huvr a downward cofiipo- 
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Fifi. 3 3. farcm for purtii-bn in nrfciilB &fcjnv* or lhsLow 

the median IiIjutju in the rodiudy Uarru^icLfl mugiipth- field of n tytlolrdh. 
fhn flat pyrumifl dhiftia nhuWii m liu9 hIi miming Ka|ifi ftre arnmjprf in 
provide n email radial (latirmw in Hold In tin? center of ihv ^np talwttti 
palfie. Hills "him* at the peripfo&iy inereaes ito region tif useful EehL 


rmni r owing t.o Hit! radial ronipuuent of thi 1 flux B r ; eunvprriHy, 
an upward forve i„s exerted no particrles 1x4 ow the median plane, 
Flic radial component of field in a&cro on t,hi j median plant, but 
for all other locations twn components exiat, B £ ami /f P . Tin- 
magnitude of file radkl I'ompunmt needed io pnivEfle uderjuaie 
restoring forces iu .simij], nr m 1 l he concave flux line:- have large- 
■udii of rlarval lire relative to rtkplaneraent^ from the median 
pinup; bailee the uhsfin of the ttux lines near the men linn pkvncr 
wilt approximate ana of r4rcW, and the radial component tf r 
will b 1 propurliuiuil to the displacement z r Thin proportion- 
jility will be evaluated below in terms of iho “dopo 1 * nr radial 
dwtfHW of the field, 

A radially der-nraxing field ran bo spodfiisd in lo rn is of jits 
iiii.trx n which is the exponent of the radial variation: 


It - - (2-11) 

Here is the field on i he median plane at tJie nrl.il r„ „ and /j B 
the field at a nearby radius r The index v, which define* the 
nUe of decmaaae f con lie ul Trainee I by differentiation, ant 


n 


II <** 

/itf. fir 


(2-12) 


Any positive value of n will, produce Hie vertical restoring farces 
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ph‘^i , r3l«' i d sdmve; a valor of n = (I rapmu-nts a uniform field, 
v. H 1 1 imp iniU a]. vtirini bn; n vsalin fc til n = l in a field which varies 
iuvrrwly with the first jfcmci 1 of I hr rmikrs. 

We Hire mmirittritig magnetic Melds HimiJaii to thuno in frer 
wjmoc and arc ricgterTing lime-varying Her trie nr magnetic po- 
temtioK For duels inagneki-sLatir ur fc, ™iis^rviitivt !l Odds riirl 
/i = 0, and wr have for the relation l» Tween components:: 


fiB r *w $ 
d * i-ir 




Hy inU-Kialing and Using li| 2dLb Wu (iiir) For the radial roin- 
|iiiL-i 1 1 al ii df^pliuticH Fil -f (rum lisa median plane: 



The i.r-iiirsna I'omponerd of fbfre i-\ in given by: 

F. = n B r = —nvwfij = —% £ z (2-15) 

It is 1 1 ear i bu t ( lie- vertical retiring fnrec m prnpnrl innal to Use 
dispheemeiLl, leading !o nHeilklciry motion about thfl median 
plane. 

Ibid Lid reakiring furrew also exist in lbs?; radially decreasing 
field. TJii 1 radius uf 1.1 j * - true, liitH >n't Leal orbu is g jvru by Exp 
'I-7, arid in n ryliodrioiLly Kymmetrii-Eil magnetic field tile orbit 
will I *i"■ I urate*I with ibs center cnuwtifcric with the isofnagiititic 
I'tfi-b^s- We will rail this the l 'cqtiiiihrj|ini' i> orbit arid label 
itr' radhiM r* . A parti* la limt deviate? from this orbit and in 
lempomrily ai a larger radius r will lie in a reduced tiiagnfll k 
belli fi: ; lion ii ■ the naigTH-t.Tf! Ibrer producing motion its a eirrk 
will be less. The ropivorae i.s true for a particle uf the flame 
energy which is physically displaced to n local ion <jf smaller 
radios v. Ji' the motion i* to b- stable, there must lx- restoring 
bin-ea that will return the deviant particle to the equilibrium 
radius r ( < 

E nder certain ruinJitiurw the rpntripeta] force producing 
motion in a rirrle will hn- Eufficirnt to muse thfl orbit to return 


2fi 


high-en m (;v \ cci;i ,e n atoeb 


ii> Ltd equilibrium radius. The limiting value ul dijamse of 
fiHd with Killing for which tlifire will be ;i. restoring action is 
that, fm- whicIk tlln lii s liI ;i,U (kwh r Im- | Kjtriii’le- m uuntinue rurat- 
itig m :i Inin Hrrk? 1 1 :i ■ 11 ijli the di^p]Aoo.I railing r. At this limit, 
biBir.^ particle Mingy is the aiunc for both nrliite, we have the 
relation; 

■= or /ip *■ (2-10) 

This limit in'presents ;i held for whirh the field irules n = I. 
Any field in which tin- decrease in slower, ir,, varying with an 
&xpqnem less* than unity, will result in a centripetal force suf¬ 
ficient to restore the rirbil to its equilibrium position, 

Another method of virilizing this radial sUvbilily is to 
roiihiilnr temporarily u rtHjrdwata system lonited on t he inuring 
particle, In this system the magnetic force, F iU t r Bj? r is 
direct pc| toward the cent or of the orbit, and the O'Alciiilicrrinii 
: ‘ranlrifugj 1 1 fni'i'e. I'\- mr z /r t in radial Iy outward These 

fortes will lie in equilibrium at the equilibrium orbit, Now if 
I he nutgnerir field din'ieAKe* with increasing mdtu^ I hr magnet ic 
farce will In? weaker riuih the eentrifii^id force m-r r < r„ :nid 
st.ioufier for r > r& In either rase there will hr a net restoring 
force to return ihe deviant particle to tin- eijuillbrinni orbit, 



Ium, 2-3, D'Ahmhrtiftn foreon acting mi a particle in u nuilftlly 
rfFirrpjiajng field B* Thu net Fun-c is directed l.nwAril (he eijusHbrluin 
orbit fp for particles in both larger swri smaller orbits. 
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riiiri iirguinelil. k dlu Mini ted qualitatively in Fig. 2 - 3 * hi which 
/ ' hjWrntOy wilh rzidruH mu I F, m dieim*<* ui a s]i.iwct 

uUi fc . hm Nubility the tuugnetir feld must- not, ikcrcaae mure 
i ijiklly them with I, r, fur which n = J, the mmt rumiluriuii m- 
jit- n-iM'hol alimu-, The JvsE.uring fprtic ( which h ihe differ- 

■ ilu between inul t\ , in to a gpud ApjjroKimAtiou prupor- 
i junal Mi rIn« dtfplii'-ernrut I'rum Ihr equilibrium orbit The 
jiiMporiiunulisy cousin til < annul 1*0 obtained in its altnple a 
11 j:l i je 11-1 i\* (msmble fur the vertical restoring ftwtsb Injt can 
hi- ijLwmn! frum the equation,* of motion. From l too qtudita- 

■ ive riryiiini'Ml above, huwewr t u Lh i 'Jo -44 r Hud (he tie I radial 
inuring forre in proportional to the radial dipjdueemeiit from 
tin- equilibrium orbit: 


F, = -4> f * 


(2-17) 


where it r — fu llie radial disp!n^ment r 

The imm'lii&ion from liitu argument, is that. njstoring fun as 
^*vsi in :i radially dfcrciitiiliic rmmuHie field fur parlieleN ilh- 
vla-'d -.eriirritly from the median plum* for value* of n great n 
than a 11 J fur radial d&pluceixieiita from the tquilibrititn 

nil.il l.ii i.: lU i«s i.f tt ]i-s ihuu unity 

2-3 I'trr illntinn* 

1 htfittn irf i rtiti wptrm ttwt*r n mhiriiuj fftm ?Hi irh is pro* 
pitriuxifitl itt th* tiiiiplttcfvtf'jil in twciltatorij in natnrr , For the 
mu ha l jliiiI verliMl displacement* and K.sluring forces de^ailied 
in 1 Sm- lasj sia'liniip I hr oisritin lory motion ran in? described by 
I hr differential in|liatinns: 



(2 18a) 


(248b) 


Hen* w r And u r arc* the- angular rreituendea of the two oEadlla- 
<ions. These arc the ‘‘betatron 1 ' or free iwrillaliuus uf a particle 
in n radially ■Inerrusing bold p in which the rate of derimsr Is 
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lx-twecn the Lurnil^ given by : 

0 <n < l (2-H1) 

The derivation ui the**- nseillutimi fretjuenrie* fnun the 
equations of motion (Ef|S. 2-1 md 2-3) ha* Snh/ii given hy sweml 
writers, especially hy Korft find Sedier 1 in their theoretical 
analysis rtf t he betftTron. The vtwuIts a re: 

«r - (1 — t or /, - (I “ n) l % (2-2tk} 

4) r = n f %, or J M — V*/* (2*20b) 

Here/e is lhe orbital frequency ion revolution given by Kij. 
2T>, sometimes known as tin.* eyrlolron frerjuenr'y, The rr-Nollf 
show that these five naa'itlalimi frvtpitHit'iet! tin 1 in both uiwp 
H tnsJler than the orbital fmqueney; for the apci'iji] rane nf 74 = 
O.fi, they nre equal and fire given hy: 

ft = f r = 0 707/,i (for n = O.S) (2-21) 

In general the particle traverse more than mu revnlulion l.w ■ ■ 
fore completing a ftill osnllttrion eyek in ritlipi r hi- mdid ru- the 
vertical eqordjimle. 

Such free Oscillation^ Ln vertical and rmtioJ position occur 
for particles fiiepl&ieil from the equilibrium orbit in any mag- 
untie m Aerator As long a* nmpliturieH are small enough, the 
results tiun In* ^perimpc^rl on the orbital motion wifhoul 

serious error. It cun lw -diou n. for example, rlmt .. n |lie 

cyclotron perform such ttidirkt and vertical uscillnt tniiff r and lhal 
Ulf* OSillktsoris in fact m limits In jnn beam intensity* Simi¬ 
larly stiE-h betatron chiliad ions rwiir in hvni iiTutrniH mid in the 
sytickrmyelot run, aiipprim|ifitieH mi the mueli longer prriud 
phutt nsrilktions to tn- denerihrd in n following sntii.n. 

The projiertieH of rhe free rtfi libitum* enn In* yi^uulked 
hy consideringr the limiting \-:ww. In ;> uniform muguM ir field,, 
for which n = 0; tt particle displaced radially from ii*. nrigwil 
druultir orbit will si Eli dtwribe a eirctikr path of the same 
radius, crossing the original orbit twice per revolution, this mrj 
lie deaeritjed aw n rmlkl oaeiJIulkin nf frequency f u In ihj* 
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'-.iiiir uniform hold a particle disphsei'd by a distsulee t from 
it* nri filial plane will n>1 ;iih^ in it pantllel urbiL; this is n wrticftl 
cwi Nation uf frequency j, = It M the utiiiT limit of » — I. 
Mu- hi-lil vaiw inversely willi radium, at lli»- pi’uduH Bf ► 

.. mil. A particle »f nioriwnUtm inr j - • will braver*' 

I'omt iitric idtcukr orbits uf liny radius, which means that llu> 
radial oscillation frequency in «ro. Finally, fftao* Eq. 2-14 
-liowM that lltt' radial r'litnjHitu'ni of field it. viLriwulitrHly with 
. for n fixed radius m m = I, tin- vertical OHeilbtinii frequency 
will Iff- iiJeiil ii-jil with tin- angular fivi |ucm . 

Oscillation nniiiliLtidra are harmonic functions which ittr 
hoIii btunt! of 1 lie equal ionti of motion IKq. 2-16); 

p = /* cos Urf (2-22a) 

z = Z cup w,f ('2-22 b) 

The maximum iirapSiUides, i* mid if, arc aesuiifttnl with the 
transverse energy in the saiilluliunt. At low energies we cun 
- S|irvif® this energy sis: 

vj - ¥>W (2-23a) 

Hm i'- = HK,Z* (2-231)) 


where K r ftritl K, an- the oscillation Force Lnn.ikmts given by: 


K t = (1 - *} tA/m 

(2-24n) 

K, = 

{2-2-lb) 

From Eqa. 2-23 and 2-24 we find; 


o „ n^v 1 

«„ (l - rtJFt 

<2-25b) 

y = "»* 1 

" Mb nU 1 

(2-29b) 


The energy in these i ransvt-nw nscillimona arises front er- 
mi* iu direction of the- beam nf partirltt coming from the 
^nirii- nt flic start uf acceleration or from any unmetries in the 
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magnetic or electric tirkis. In moat accelerations the aperture 
available to the? \*m Irk beam determines the initial amplitude 
wul eiifW- Careful design to produce KynuncirtcaS and tuii- 
fnrrn fields will avoid further iuonporo in twillatioii c j fjc^rjzy ihiring 
aeL^leratiom Hfm-pvftr, as 1 he purl ic]o moves mtu 21 region tif 
higher n (m in the cyclotron), the radial amplitude ihcrcuacie 
and Hil 1 vertical ampin ude demuiuSCK in accordance with Eq^ 
2-23. Both Ilicse chunges an? atlvnntageous in (fir cyclotron 
in that they simplify Hie problem of deflecting an emergent 
(warn. 

Arn|tliti iJm also vary with iiirrPLtEriiij* mfltgiitiiic link I (a* 
in the synchrotron), following the linear variation of orbital 
frequency with field given by Erp 2-L If the field ff- iheiceasi^ 
with lime during acceleration, w increases and also the fre¬ 
quencies of the radial and vertical o&dltfttioiiR; the amplitudes 
decrease eorresjioiidingly. A useful way of describing this 
effect it) in terms of the fractional mrintian in the variable If 
we snhfii ilute mptemaom for au and n which show their > lc*- 
pendence mi magnetic Held [E<p. 2-1 anil 2-121 in Em 2-2o, 
and integrate* we obtain: 

dP/F = ; P/F„ = (JU/n t f* Mil) 

dZ/Z - HftBjB* - Z % = (BafBvt* (2-2Cb) 

Thus w see that both transverse tNadHathms are dumped to 
smaller amplitude with increasing magnetic lickl, varying with 
flj This ir-i the explication of the very annul I 1 mnsverae 
«rusd section of the high-energy particle trains in betatrons 
and {synchrotrons. 


2 A Tnnude Energy 

I’hs' ^‘coiiil nf the rtpiutiuns of motion (Eip 2-2) ftcHcrihes 
the torques twrtitig to dmpgc the kinetic energy of the particle 
in its orlril This equation can 3 w rewritten: 


rf 

d( 


mroj - 


& 



die 

r&T 


d? 


(227) 
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The fl%tufieanr-i 3 i of this equation can \h % made more ubdmis. for 
i ■ 1 ■!u i ■ I:lM visI ii■ vrli-H-itieSj by exprp&iiug it in terms of the ehufige 
in pfirtii'le energy. To see ihss we multiply the equation by o? 
which is dti/dt: 


d h eca nbr dL 

h {m} = ^di + OF ~ 


(3-28) 


"Hie 1 1 -rrc] in d&fdt invokes the lisne rate of chaise of fins 
Iraki hi; the orbit, width determines ihe induced vullage v\- 
1 •• i n ltet'.l by the fuirtk-Ies. This is ilie principle nf the traiis- 
loitm-t him I is responsible for ihe sic^letatioti of e ted rural in she 
hdalmii By neglecting momentarily the two ienm on tha 
right of Kq. 3-37, we have: 

i-sM-) < 2 -»> 


H-iilitit ituLmg the genmil uxjjresaion for a? of Fj\ 2-b we finds 


rf* 

ill 




rffl. 


(2-30) 


Thin iri t.iii 1 rrlulion kM.weeii raki of change nf ilux linking the 
url>i;t :liliI mu- nf diiiiigt’ nf Rux ikrimity :u the orbit* for nm-elcm- 
Ijun atrtinrfnrJ nniiits. Is. ruii U> integrated over » cyclestarling 
with/f, OatiiJ'l' H al. t II to give: 

f- = 2 ( *f)H. 


i 'hi nwIvnn.wM rt fonrt-ani rmiiuK wiili t|«w mitinl cnniliiimw, 
lIn- hrinljlvx linking rf H ■ m-Mt mufti. U> ni nil lin h*m Imrr thsil nh- 
i.nning if I In- Held inside t-In* orliil. weir uniform ami mjuiil to ihe 
,/?i W tit iff urhii. This* in the total nm '“2 f,o I" rule. 

Tin- imhnwi voltage is wp for any ni-wlonifor in which 
It. tm coiwiji.nl with time, surli ns the cyclotron II must- lie 
in< 'I in Ini m thow sn-i'flora tors, midi iw ftynehrotmiw, in which 
/{, iiii'i'fe-Ldf.'d with lime The sign of the term depends on inng- 
ni'i geometry: il nan lie ih-i'flerating if the net tins through the 
m ini i?- opposite iit direction to the Hint at. the orbit. 
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The uetaiTid cntogy terra monies- front liir first term qii ihe 
right in Eq, 2-27, which is the electricsd torque, here repressed 
sw a generalized fori* <he/H9. wlien 1 dtr- is (he work done during ;« 
displacement rft). This torque is usually applied liy means of 
one or more sweclcmtinii gaps brlwmi fiigb frequency elec¬ 
trodes. There ore two accelerations! per Uiru between the TVs 
of u cyclotron, or one in the single ticeMemi ing cavity of a 
aynclirtrtrou* However, the numlwr of particle revolutions 
is generally so large in aynchrofloufl accelerators fIfl 1 to HJ* 
for synchrotrons) and the fractional increase in energy per revo¬ 
lution so small, that, we cart treat the tu'celerution process adis- 
bulicatly to id deracriltn it in terms of itri iiKiiiiitlhtdly uniform 
at-i-elomting torque which varies slowly with time. The value 
of the torque can be expressed in temiB of the energy acquired 
in traversing a voltage drop V in each revolution: 


<tw _ T V 
da ~ 


(2-31) 


.^urh an externally applied electricaJ field must In' oscilla¬ 
tory and must he phased in lie in resonance with ihc charm'd 
particle-, which will 1'iemmc hunched in plume with respect n« 
the field and so also bun idled in nitiniuthnl location in the orbit. 
To study this In inching we introduce the pjluise at. which par¬ 
ticles cross the acH cterotinie gap, as: 


dw 
d0 


TV . 

s "" * 


(-,e s 


Hafts ^ is the jihuKe tingle of the ftHiJ wlim I hr 3.:iri H-lo misses 
the gup stilt) V is tmw the po-ak rf voltage* arrow ihflgu|j. Chouse 
iy( It tp siiir fundi* hi 15 equivalent (for Hodmii rurrHi'i utiou < Ir» 
rleBuisi^ jM'fo phase us the instant when thr Ik-lrl h zrm mill In? 
fimimt; positive, nr when \\ in i ban^iu^ from ;m • 1 j h■ n 11 nip* in 
rlecpl^mting. 

Tbp t hin) tm-ipae term, dL/tf& 9 i 4 In * rnilkil-imi loss 
rluo in IFn 1 - rtulljil rwedemtion of slip partial* 1 in il-* orbital 
motion, Tlss ru^ni hirin' of tins eflfert ran In' ■ l<• ri•. • ■■ I Imm 
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as 


thu r'liiHaivaJ theory of I hr Hucdjroiiuignfltjf! field, Several 



The fiiiliut [ihl liras with ihn fourth power of the ratio 

of energy i 11 t- t energy fur eonfftant rtuliuH. However, when 
11 m■ Iiikt"j!si n-Ua .1 inii MviT'Hi energy ami orbit radios at a fixed 
nm\iiiLm]i value uf magnetic Field is im-1 Uiknl, we find Unit the 
ladiation Iohh iin tinim *se a]'jprijxiPm 1 1*‘1 y with the i ialw nf particle 
■ iM-r^y, or :u- f /■“" i?o) 3 . When evaluated for the radial dimensions 
rM|iiitvd fur on eh>etrr.in.AynehrotroH (Table 2-1), Eq. "2-33 stwrws 
a los> fif roughly 30 kv [wr turn at. I Bev energy, or 240 kv at 3 
Hov. Existing electron Bynrhmtron^ i use a single rf aecdmd frig 
grip, mill this laflt Figure is eh.ifse i*n the maximum practical ar- 
rehrmlbn per turn, ting maximum energy to about 2 Bev. 
However, heavy pnxlHtfl Midi a* protons have mi large n rest 
energy i.hat the energy Um hy radiation 1> negligible For all 
energies i^na&fcml to date* 

W>- Kee thjil, pjirtii'liM can Ik? ucecrlcmfcral in n dri’ular mug- 
iipt.ii 1 siPisttlefator either hy l .»r tat rail iud in'lion or by rf electric 
fields .hpi dii'iI In hiliiithlp i'li-d>rcj- h-. Energy tun l->- luM by 
mi lint ion from Heel mua at high energy. Otherwise the unly 
Hignifinuii i L uergy loss in naiifiwJ hy particles striking residual 
gas molcnuJcH in I he dminlvrr, or hy hitting the wqJIb. 

2i3 l*haw Stability in Circular Motion 

RcaoruiiiLT wculftratorti upeimte on the principled 1 pruvid- 
hj g Huece^ivu smalt acceleriLtiustE^mjhjiiriEzed with the motion 
of the purLit-li-rt. The problem in higl l- energy nine hi lled itf to 
keep sysehroiiiaal ion for an extremely large nurniier of acerlcm- 
tiotjs. Tldfl requires control of the phasing tietwcea the electric 
field* applied to the elcctrndct? and the In inch nf particles rc- 
valving in the iif bit, The mechanism which makes this pi usd An 
i-i a Htalilr- cksddatioit hi the phase m which l.lic- particle itokkes 
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the accelerating gup, about a mum value which h just adequate 
to provide tile desired volt# per turn to keep the particles in 
rrannumc with the applied frequency. This in mill'd i he 
principle of ''iihuH. 1 stability." Ii wub pru|m*i'd iiidi’pcudciitty 
in Itibt by McMillan" and Veksler" its it itiHlunl nl' maintoining 
resonance indefinitely in ll eyrtntrnn-Hkc urrdemtnr. If. luug 
led to two elauBCfl ol am-lei-ainra: the synchrotron, for the ac- 
eehnulion of dvi'troni), and I lie syuehroryp|citrnri p for (he ac¬ 
celeration of ligtil positive ions. 

f’inuse nsdilatiotiH can ha described qualitatively l>y using 
templr physical com-cpla. Let us consider first the ‘hjtftiiormry” 
orbits of it charged particle rotating in a steady magnetic field, 
slurped to give orbital stability (d < a < I > ns deacrilml earlier. 
Let us provide at oue |K<iiv1 in the orbit n gap tiotnwn electrodes 
across which » high-frequency eke trie j potential ram lie im¬ 
pressed, and In us apply to these {'[uctrodoB a frequency identical 
with the natural rotational frequency of I lie iulw given hv Flq, 
241 , 

The phase relations lief ween the ions amt (lie dretric field 
an? illustrated in Fig. 2-4, in which the paths of the port idea 
are eonairfercfl m unrolled into a straight line along the time 
axis. A particle which crosses lht> gjip at stern phase, tf», when 
the electric field is crossing Kero in the direction of changing from 
accelerating in decelerating, is indicated by the points bdtelcd tl, 
Jf, He, This particle will neither gain nor Juse energy, will 
remain in precise resonance, and will continue to rotate at mil¬ 
itant frequency and in the .same orbit. 



Fin. 24. V ii rind on of aceulftmliiiB ]HH.iml£.il witli tinx? eliow hig 
origin of jilm» oscilfatioat. 
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Now In tw ijuil this orbit in stable* eoEisider ei particle 
crossing the gap hi an earlier phase, fflieh a* fi in Fig- 2-1. In 
it- lirnl tmvcnola ihfc particle will gain energy. mill its fie 
will dec mine au hIiuwti by Kq, 2T (We ^Imll neglect 
temporarily list small vurinlinnnf migrn-tirr field /T with mdiiiiO 
The reduced frequency will run« i ihi- particle in he delayed 
slightly in -■! 1 1'so* 1 1m 1 11 1 (riivcTHfi-lfl "F the gap, illustrated by 
1 joint * K etc.,, hi Fig 2-4, It. will rmitiimc thus migration 

hi phase i in ill il eriwiww the gap ut mm phiwsr. However, il 
will have tui arr:nmulnled oxi-cks fif energy, m it will runtmue 
the ph rufl 1 shift hilfi the t lea derating part of the cycle- New the 
inlimtkin in reversed, arid il loses energy: hs fmpicHt'y iniTcuwem 
liillI il ib again returned iu the jflci'o plnese fashion. 

Tlii> riL«ninn w,pvi serifs mi oscillatinn in pbiiKi! sdsouL the 
111111~r 1 of the iindisLurlwil orbit for which die frrqUetuieB am in 
exjii l rp.m hill m-e. It also eiel Oscillation in energy 

jit mi it the equilibrium value. Furthermore* amrv orbit radius 
vitrira with energy as shown by Etp 2-7, it resttlUf in n mdiii.l 
meal In lion \> long as the energy pxci'ftb the equilibrium 
energy, I he partible will travel in nrbit.H uf larger radii; con¬ 
versely., it will have smaller minis at louver energy. 

The principle of phase h 1 ability is hoard on the exudcnra 
■ ■I | iluire oscillations :l.- drH'ril iei.l above. ranlered ala m l the 
equilibrium values of phase, of energy and uf radiim. Fur mi 
Hummed slemly magnetir field the particles will la 1 spread 
around the entire nimiiK over n phase bracke! extending from 

- jt U* fa = —ir. Msipili {Birtide migrates slowly Forward or 
hark nli mg the length of tJnc- I much, requiring many hundreds 
or l ln iLaHani K of violin lone to complete ll phase cycle. This 
type of twiDating orbit with fixed nvernge energy run 1n a called 
stationary. 

Note i fiat particles enuring the gap at the idle mate Kero 
voltage jm:41 ions uf ^ = ir, r Aw m eb:., are in a erudition of unstable 
eq uili brium ff slightly ilisInrUs], sueh a particle would either 
gain or lose energy unit would fall into large amplitude uwDla- 
I,intis nbnijii the stable pintse. 
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l/\l tin naw consider how jjju nia&gy in sui'h a stfttiioiiiuy 
orbit ran bn bemused in » particle nr^icmto. Wr need in 
consider two I'u^'hs rimsUtm particle velocity (in., high flier© 1 
pteetrcmn uitli t r' mid kifift^ing partied velocity f protons 
or other fHtsitivr iorns with e < t?). 

In the far#st rase, if magnetl*' held is increasi-d by n small 
siinount, the election frequency will itwrcaae pn i|H:irtioimin]y p as 
shown by Eq, 2-'i This will he ue^nnjiariicd 1 jy el tanpomiy 
decrease in orbit rmJins. The declroLi will etrri^s the gaip al 
earlier phases, acquiring more energy each Uiiu- + until it reaches 
that energy fn-r which it is again in reform lire wii.li the applied 
electric fie hi* and tin? orbit fading; i* buck to i lie 1 - orlgiiui] values 
Furthcrniiii'is (f Mjajpicta /(rW a',s fVirwiJtrrf duwly ilneI i-ontiu- 
uouHly r hi* f-taw will follow this change and joira mrrpi/ of n 
afcvid/i/ mf> determined ttw Hmr rtiff of it wmror of magnetic jirfd 
This m ihr principle of sin synchrotron* 

For the nilier rase, where paritele velocity mrrejiees with 
energy, consider the effeel nf a smdl derrea*' in frequency of the 
applied Her t rie field, with jnjignpi.ii' field held conn hint Thin 
IfingtlumiEig of (he time cycle, while particle frequency remanir 
fixed, also causes the p&rtidr to crops the gap a! earlier plijumr, 
inquiring ener^v until it reachra (Jos energy which i* in mMtiimirf 
a I ihr new frequency,, following Eq. 24 r Inrrrafccd energy in 
the nearly Uniform magnetic field means that, the thud orbit 
nu 1 iiin e- Iurgeis Xmv, ?//rr^jrue iy in ftaws d slinvIy and ami- 
tiniiuusly, tfw pnrficfci will follow this change, will ffaiti in rntr$y, 
nhtl will increase in orbit radios cr i n Atmth i/ rat# drfrrpnfml hy (hr 
nib of frrquntr.tf madntatifm This i* I be priuriph- nf the 
ji>n i rh rueya lotn m. 

Under either of tlae L^ndithms cle^rtlied tiifife will 

In> un rHjnilihriLim piiftse^,. JilnaiL which tin- plnt.se i 

jm> l eut^red This is Llhi^tmtedi in Fig. l!-fi su which I he rxittgc 
of [iltEi^e osiIJSjlI iLtus in jitdEmitnl m pjctendinis Iwiween arbft.futy 
limits and fa . Urn 1 a (wirthlc having snrh ii phsse o^ulJatkiti^ 
und making several Imndi'ed revnluliorifl to ertnijaleie ifie phji&c 
cycle, m we will see Ijleit, there will In- jui nwmge I'lit'i'gy giiin 
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Fig PIimhi ratrlltuticin hIjchU equilibrium 

phlJSti nrbitJTiry limits qV| mad <n . 


i-i-r i urn, IV, pdvea lay the value sif the potential diffenmet' nenra* 
llic gap lit equilibrium phone. The particle migrntra up mid 
ijfjwn h]ut(£ the plume curve* ul one extreme Requiring ciresj* 
iwrisy EkJid jir thfr other havitig n ddifit, 

Another viffuaJiKMion iif phr^e nwiltoyotus it? ilhmttnUH] 
hi Fip. 2-6. Here the cwdl|ft.tmNS iai energy uf u pari Me are 
portmyml us a fum'ticm of lirae p irilh the equilibrium energy 
iiu^reawilig el'.Avly. Tim Kguri! mfi I h■ interpreter! hum* ptrtenLial 
enterxy diagram with stable poieniinl valleys in which pprtMes 
are I nipjjcil. The finis repn*senl efinFi-eutive pns.itKmn uf a 
pa n irk- Mi tab tp- nseilfriliuK within tine pi iterit i:d valley. An¬ 
ti ir imigud ic JieM jaWftW^ Aiul the perilialifjne progm^ I hr 



f 

Ftq.^B, Knflri'y oadlliiLioiifl in phftfw s-teihle b^cdknktioii, l h jir- 
rldi-j Brta Ifapi^ii in II jmtuntiol v id Icy and nns carried lo littfh uiajrjry 
by modulation at Irehl feynduutKrti) or frequency {flyndinn-y- 

detnm). 
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jmrnTM wall move upward and l<> llie right uIoii.it u tine whivh 
rrprcacutB (he average energy inrreusp, untying 11 m- trapped 
fHM'i ides i" higher energiefer. The solid mm ui Hu 2ti repn: 1 - 
.seats i.hi' variation in ttieigy uf a puilirlf 1 til 1 (hit i!xirc k nu i limit 
of pilaw* osciUIutkm, Other purl kies vilL have? mnuller ampli¬ 
tude rorf&tiOGfc The limit of lability appears lieiv jih I In- fH-:ik 
of a potential MIL If n puilii.'te crosses? uvr.r I he rim of one 
trough, it will be lost, from aytiehruiikin. 

Several wHi.it*. have pointed out itmf 1 lie pirnse «.i«rillu- 
tions fJeseril*ed jlI mve une analogous to the motion of el pendulum 
to w hic li is applied: ft constant torque, A phjnsSiSftl model vun 1 n; 
ouvuttruetod as a simple |teiuMLihi mounted oil h good beikrijiu 
and with a coni canning u weight wrapped, around tlu- hub. 
Sueh n pendulum is illustrated mi Fig, J J-7 When in resit, the 
pendulum liJLHEm imgulur display-erne lit & t ; w hen svl into motion 
it oscillate about this equilibrium position. Hie limit uf suilile 
uacilbitirm is for ft - ? - fl f , If the amplitude oxreedfi this 
limit, the pendulum will cease Us ossiflaU 1 am! will -pin contin¬ 
uously in mu? direction. 



Fld + 2-7, Pendulum cilia] nf ptiBJW cmc-il In- 
linnp. A rcpnatjuil ttmpia Fr result in nn cipnlilincutf 
Etftgle Vm shallt whirli ^dll&ltnili HU- reiatorE*! 
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The of motion for this pendulum in of the form: 



( 2 - 34 ) 


win-m the term mp4 mi 9 W represents the perturbing 

torque, / is the moment of inertia, and oadllaliQUH oeritir about 
the cm[ iiiJihrsuipi angle #, If the perturbation is small relative 
U* the maximum displuremem. the angular frequency of ubclI- 
lutinn i a given, i,o » high degree of LEpprimiiuilion, hy! 



Thr equation for phnrfr osnihitbu is similar, with the pliast- 
angle iii parade motion vibstitiiting for the angular displnee- 
rneiit, of t hr pendulum, the average Anctfcmt iug energy' r«-?r turn 
inking tin- place ^if the pertur'liing torque )iue to the weight, 
and the equiUhritun pbaw substituting for equilibrium angle. 
To comptrte Iho [uiidogy, however, the mass ami length of the 
pendulum {its moment, of inertia) should vary slowly to be 
■•ijuivaleni to tho i nerving mua* un>l energy of Ehr purl ides. 

I icdviili'm of the equations of phase filiation from the 
equal ion* of motion goes ttryond the scHvp*- of lhin monogmph- 
Iluvvnvr-r, 1 1 v ■ method will l»e <fesrcrit>f. , d trrinfiy T nm! thr results 
given I 'he first two of thr i-qiurtiitro of Timlin n :m- u-rd, 
Kqw. 2- i and 2-2. It is jiraqnu'd that, thr phase oorithiiioM am 
.sic -low and the amplitude of thr EUstonated radial odtthtioiw 
no rtnuill, ihul wf- mu negleet (hr radial mrelemtinn Errm in 
Kq. 2-1. This is the baffle iLSHimptirm. used hy n}\ writers 
utilizing flip qiioHbtUtuiomtry theory; it m rirromplisherl hy 
Intliu gtirfiH = U in Fa). 2 -!. We also nr^lri-i the radiation lows 
term wdiieh is Hi^uiEimnl only For el re I runs :it vr.iy high 

energy Thr Iri-Uil r*-n inJlnu.mn r-r-rni tM\ f tit its retained lienmsr 
il iiiTrMiti-F (hr ihffldUiition ei,iL i rgy associated with the elinnging 
orbit, rmlitiH. 

With these tampUfli-atiuiiH, when ihr two rquutions of 
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motion ore i iirulHii'-tJ, they tiller the form: 

However, this equation otiuml be wived direetty to obtain 
Uw phase liHcillnlionE. 

The methrxl of small variations is t\ml, in which r wd ff 
mm dinner] lci have the form: r = r„ + p mid t) m + <t>- The 
two ttqtialioiift of tndtioii ure first expanded &£ a fimctinn of the 
quantity ^ alotie, mid me then rambJned in the form of an 
equation of ofrilMioin The troilt, is T ; 

% + ^■ssi— «- (*« 

By analogy with the pendulum equal bn we nee that the ainiulur 

frequently of t.liia phans- oscillation in ksyuti by; 

<•*» < M8 > 

The eqiislioii ninive is valitj fur till? itliiiivisl.ir rime repn. 1 - 
.icril.i'ii hy high-ener£_v elect inns. At lower ve Unities, sitcli jis 
for protons in if it- ny n rlirucyc lot mu t /JifFuft'M iipprnxifnalioik? 
ni'f requirt-il in ihf solution. In tfii< aan tin* freqopm’y of 
[illrise OfiriUnlioil ia: 

( y n \ 1/9 

SfSMT^SsJ “ <M») 

The tlifferenre between frt 1 * lUi'jjrirjd mhiilai^dfroni the two equa¬ 
tions b> hnuilL when iij \n of I he order of unity (<Lfa to In the 

most extreme raise, for protons in the ^ynehnwyfJfttmn wbera 
n — 0*.03, Ei|, 2-3!) jpvrrt fti'qui-nohvj flirmBcr hy about a factor 
of 5. Evaluation of 11n- frequency *«f ph^- nsriJhuiiiii mr 
[mu'I.iail ■ usra nlm.iiYq il 1o he 2(KS l.o 2tK N1 times smaller limn lht: 
oil lita| frequency w n , so the imrlirle maleic i:hi* many timia 
mount] the orbii to complete a phiiae cycle This justiiLrs (he 
Bttttimptions mmlv in the (Wvibt-iuli mid in the isrc of the qiiafli- 
nL^iI n m! iiiy r approximation. 
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Phase amplitude is damped slightly Hue to the increasing 
iiiflfiMfltie lieM (in synchrotrons) varying approximately with 
So tti* 1 a&imufhnl spread in the bunch of particles is. 
decreased to hIkmiL half tin* initial Amplitude during msrelera- 
t Lon. In a practical case tills might Failure mi initial I80* 
ajsimulhal spread lo about fKT\ The mttinl amphtnile of phase 
oscillations decreases in the increasing magnetic field, however,. 
«f t the liinuHe of pnrth'lcs becomes very much smaller in cross 
section. 

2.6 Coupling between Osiullalions 

Coupling can occur between the several types of particle 
oscillations when the frequencies arc integral multiples. This 
is the familiar phenomenon of beats. A simple analogy Ik Hie 
coupled pendulum. As is well known, two such pendulums 
which are in resonance will teed energy from one to the other and 
hack again, the more rapidly the tighter is the coupling and the 
closer the resonance. It. is also known that there is no sigTlifi- 
ermt transfer of energy if the oscillation frequencies arc not in 
resonance 

Energy can be transferred between the several modes of 
nwillatiiTi in synchronous Accelerators because of (hr irregtllari- 
1 ifs and nonliiwiirilics in the Her'trie and magnetic fields. These 
were neglected in tlw simple approximations used for solving 
t hr* equations of tnolinn However, aiwind order toons do 
exist, and tlm fields are liol so smooth find regular as assumed. 
The coupling can bo studied by including second order terms in 
tbe small quantit-ips p, #. and i, and analysing the coupling terms 
in the solutions. 

Tbe most common type of coupling is between, the two 
transverse modes of the free oscillittions, the radial and the ver¬ 
tical. Equal Sous 2-20 give the frequencies as a function of the 
index It. when ft = 0,5, the two frequencies arc identical, and 
amplitudes can altcrnare tietweeu the radial and vertical mode. 
At j( = 0.2 ihere is a first harmonic resonance between the two 
modes. Flnnrgy in radial nsci] latinos can transfer to die vertical 
mode at, ibis vulne of », observed in the aynrhracydulrtMi ns 
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tin' radial position at whkli dir Iteum “blows up” into large 
vertical otfcilintmua, and is lost iignumt the li, 

Petnilrd study baa led to a list nf eenriiu riiiiwU or par- 
l.iutly ioi'birJcleu values of 11 for circular synoLioiiiiiiii accelem- 
t*r«. The meat sign ifi cant are for n = 0, 0.2, 0.2,i 1 (J.S, 0,75, 

1.0. Si mi!' of these w-vnUics ute nn| ahaalutdy forbidden, 
sinri) amplitudes nasty in* too small fur the energy transfer in U- 
acrious, or t hey may occur over such a narrow band of pole face 
that purlitries can crass through tile critical region in only a few 
revolutions, and tin 1 1 utie may he too short for -significant cneriiv 
exchange lo occur. Nevertheless, they represent |>o« 3 bb difti- 
h i iItica and one usually avoided in design, A typical value of 
Vi for synchrotrons is 0.(1, a nil it is assumed that regions of the 
held in which n is less than 0.5 nr greater (ban 0.73 ore outside 
the useful aperture, 

Siill other resonances have been recognised urn I ure 
avoided in design where possible, such m between the phase 
osdllation frequency and hamniiuca of the W-cyrle ripple usually 
impreffliJrl on (he magnet if an idterimt big-current power supply 
is used . 

£.7 IWcripl inn of Part ielc Mot ions 

Tin' results of the preceding discussion can Iw summed up 
by desarihing the physical chimud,cristice of Ihe Inint-h of pmrti- 
eies in an at-celarator. M us first consider (he synchi -nt run, in 
which the j iartielca move in a doughnut-shaped vacuum chamber 
around an orbit’ "f iixei 1 radius ilic phasefi*n‘illnlions represent 
a variation in time of ero.ssi.ng the aceelcmtiiig: gap. Particles 
will ho distHI hiUhI initially around a large angle in fisimutli, 
approach trig Wth® for the limiting ni«* of very slow areeleruliau 
iiiid about IW1* in practical irtuws. This spread in angle will 
is- reduced by dumping toabcrtil M 0 by (be end of the nm’lera- 
tion interval Individual particles will in.* miffraiing slowly 
through the bunch from f cull I In hack and return, taking seveml 
hundred revolutions about lihe orbit to complete a plia:*i (;yi |e. 
Iludial phase oscillations will be assnciMed with the energy on- 
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■ ilium m-san il w bundle will have u eertrin rndial width. Supwr- 
iwi prtrtBtfi tm tfaa gft slow MyiLdtriiinnift iwlial ^villiilioT^ nm ill ' 1 
higher EmiiitTM'-y fiw iwlIIjlI tons in Utfch tnuisveiw ri^rrliniLU’Bj 
in spin ml ikiviations from tlir smodther hv rii'hri 1 iem nis or- 
1ms. Tlit- l-iiNi-h of iuEiH is thiiM enrhaoerl within am envHyjju 
jshiLin.nl like tt long, thin sausage r Inrnt around the orbit. Thu 
editor of this hunch a wolves £tl the ir-HJijjiiit ffei|ikwy /a about 
i.lu- rirele. Figure 2-8 is a sdH'iumii 1 j I lust rut ion of [\w hunrji of 
urns, willi a nilher wwginiitivT h^tmeuf "I the ewer.il uHi-ilk- 
i hiii'.. During si^idcmtiuu flit 1 t.fnjwvcrsi? ilmicrusimis os lLhj 
rmi'topc hpiMime my gmall oil mttount of dumping, of the tifdcr 
hI il ivw millimeters in deutrou synchrotmiiH. 

En the aynchroryrlotruri, positive ions ntr rck’tised from 
jits mu Esoufee nt till'! 1 renter of ei 1&teb flat duunbor t*4wecn flat 



Fio. 2-S. £tahanwti? ^TutuT 11 of phjise-focuseJ 

partide-H an -i Hyndiirul.mi!, ah-Awing iI n- opumd dw to ptuuu 
Lai Iwn and tufEiytatmE lbe superimposed froc oarillcLUtisw, 
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f*dc fours. Thu iiLigiLi-tiL: field is vary nearly uniform, ijei;lr:w- 

ijii^ slightly with radius Ui provide fouuuhig forres. ’Jlni I.. 

tif symshromoun i tints hjut milrlt 1 lie Hutiiu prupertiin and lie 
elongated MUUaKt! shape fluHirifarl for the synchrotron, except 
thill. t.Eii' equilibrium orbit expands slowly and steadily mi 
nwiiiiH a* frv 11 Hat ivy is rJutHged. The uevcrol UiirLIliiliiJits mrur 
rtboiit this expanding «t|iji|ihrium orbit ruid ure slightly modi¬ 
fied by the uhuiigijjg u-vnlue of (.In 1 magnetic field. fi' r > r 
iLiiijila, as the H-vidm- grows larger neur tin, [H-nphory, the 
vertical iimillni iuus are deenased m amplitude, while the ind.iul 
amplitudes increase. SyauhrotmiLH tHi'ij lotions i-aitse a “bmath- 
ing r ’ motion uf liie itiHbUftaiUioiia particle orbits as tin.' einulib- 
rium orbit slowly expands. 

In either type «>f uri;cler»tur a single puk of partit-les ik 
swept to high energy in each sweep of tho magnetic Held m of the 
appliisl frequency. The marliinua arc ujHrntlud cyclically, re- 
[renting the sweep at regular intervals. Sn the final output is u 
sequence of pulses of high-energy partialis a*, rla 1 cyclic repetition 
rule. 
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The Klee Iron Synchrotron 


S.l Early Develop rtienl 

Wry-high-unergy aeedomtiOr® - in llu- billion-volt mop*— 
uiilifl tin- principle rrf resonance tv rdemtion with phase stn- 
hility first ihminiiAtnif^l with dfein ftl j^ehrotroti id 
imieh Imver Although additioned features are required 

tfi exceed ritie billion volts, such as the use of protons rather 
dun dwtrons an cl the development of Tumble ar- 

i-Homliou Un'hniunts, the lunar prill riplo is still that of plittH*- 
Htublo sytirbriJin infs aeerfnmtion. 

The principle of phage-ntuiblfi acceleration described in 
( Imp. 2 wits proposed independently and almost rontMimpntly 
Uy MvWilku* ut the University of California and by Veksler* 
in the I S,SE, McMillan de&rlbed an electron accelerator 
niiliKiim this prinr'iple and mimed ii the synchrotron. His first 
designs viVre for a machine Vo operate of WKS Mcv, which w hf 
.• ompletiyd in lu«l7. I'nlike previous avorleratfJrE* most of whieh 
<ei|nirficl slow and tedious dovdiipmebi starting with tfnudl 
models, the ^yiii hviismn w as coned vtd in its full tiiaUllfr 4is el 
himliHpnerny anf.'lH’Btnr. and most, of the early hist alltit inns were 
ileniLmed for the 300- to HKI-Mev energy range, fit which the 
electrons ami x-rays are eajruble of producing mesons. By 
tUfuO 1 1 Lem' were li nynetwotrotBs of over ftKl Mev energy built or 
muter eolttfl met ion in the l nilei I States and several others 
ahmail. Mime recently, n tynehrotrnri capable of reaching: 1 
]U i v bias pftgfl&d ilr? preUiniiiiiry tests at O.o Bev at the (.'all fori sin 
last it me of TvdmnJngy, and Others in tho l-Bev range axv coo- 
Lem pin ted. A listing erf* the larger machines is given in Table 
M 
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!\ihh 3 / List uf rbt 1 birder electron synchro! runs. 


Locution 

1% 11er§iy. -Mih 

81 (lilts in JEl^J 

Pniyernil.y til t 'uEifurnift, Berkeley, 

3E! 

i JiH'rn* run 

t 'iiSifornia 

Cornell Vni verai ty, |l JiMin, Ww 

300 

Operation 

Turk 

(I0QCN 

Testing 

MiLssiirliiitiuU h Institute *'i Tech 

:m 

i JiH-mliiiij 

m jefiy , C imihrhige . M iwasch uhl-i i s 

IJmWirJtKty fkf Michigan Ann Arbor, 

m 

Onnriition 

Mir-higari 

Gflnfral Ktenl rin Company, Whence- 

300 

Ormrntion 

f.aUy, New York 

Purdue Uniivctiiity. LnFuycLto, 

f 11 i 1 i J L 11 Hh 


Optimthm 

1 1 r hi 1 uli 1 1 n 

XfiliuTJui Biirnau of SNunkrclH. 

m 

« -onutniclion 

VVjifllkiriptom. ri r 

f rl usgftW' I"h,i vemi1 y , {1 1 a urow , 

m 

Tepitinc 

Scotland 

Ostni-i 1 University, (Jslord. HiikLulhJ 

HO 


t -flllforabi Instil uLt* of T&dintsli^v, 

Ml 

Ojirmrieti 

PaiadeiiJi, California 

(L0001 

i Eventual i 

Ndbol institute. 1. |i&!ihi. yw'fliltMi 

(IKJOJ 

Onagri 

Professor $i\\ vliai, Home 

(WO) 

Deaig]i 

BcUbrnn, University of THihnufl, 

aso 

Oppraiinri 

Ur 1 inn a, IllLnoip 


Meet i white, uml before uny of (he larger tmielirofroitif 
could 1 hr (mifUttsl, Goward mid Eumjc^ 1 hi England were able to 
dmOMstniite tlae prim-iplf: with it muHi smaller Nuidum- (SMevJ 
built from ant old bet inrun magnet Tin* n&xi Un eutreed was u 
group at t lae General Electric! ComjHtny Research LahunLloryv 
where there Imd been previous experience in betatron ci&tign, 
with n 7tX\Lev sjmehrolrcni. A series uf experiments with these 
early mar-bines demoiurtrated the mnge of validity of the sin* 
biiity prindplr, v/orkod out the oceessaiy conditions for irijcri* 
im electrons so they would be ruptured in jtymJirunoitt orbits 
an id explored some of the properties of the liiuli-encrgy Iwum of 
x^otys. The larger machines, m (he 800- to 400-Mt‘V region, 
were in general put to Lnunwliatn one For research experiment pl 
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The theory of synchronous oscillations luis k'cu extruded 
Imycmd ilicit reported ii] the original articles by Mi-Millnn and 
by VekMct l Idnriispn mul Berlin 111 uiaibczcd t In- stability of the 
synchronous urlntn ami found that the amplitude of synchronous 
r ksi -13 Lit i 1111 ^ i hrrcnsrH with increasing partial e energy. Bohm 
ziiuL I'uldy 4 * obtained the samq results on ■ »rtjit stability and llLso 
I n.i weil I low betatron operation could lx? Used at l hi 1 start to 
avoid tlir s 111 I trollies of frequently modulation- Frank 1 ' ex- 
i Limned in detail the prune aa of 1 munition from taHutron to syn- 
idij'otrtHL action, All these studies arp in basic agreement. vary- 
itig only in the tyjje uf approximations used ijs the calculations 
iLij.il in t]u« i. l ilj] j basis plant'd on the several aspects of tlir- motion- 
Then ret in it understanding of the synchro iron seems to he ade¬ 
quate. 

Seldom has un accelerator lieen brought to such a high 
state of development in auch a short time. The concept was 
simple, the lim design studies were essentially complete H and ah 
ubeurvare recognized the virtues of the new projjosal anil ac¬ 
cepted its sun-i-sri :is-im-i|. The simplicity u-f llie concept is 
reflected in the relatively few competing teehiiii|iicH which taive 
been reported and in the comparatively email number of puljli- 
■ alii.iii-;. All the hagic propertied were recogiiiasod from ihe 
start, and most de^iguess have used similar lednnqties with 
relatively little variation. In a few instances special and new 
i once ply have been developed, but seldom in more than one 
] at Moratory. T1 1 lLh e lho Tam 1 track ° orbit, tlie- J 'frequency - 
modulated 11 Mari, and Ihe “lur-toied" magnetic; held have had 
proponents, but have not been found e^nLial for Ihe 300- to 
51W) Mev range. 

The electron synchrouuii lets to a largo extent replaced 
rhe betatron «o a o.nrco nf ce-ry-Iugh-cnergy electrons, it. hm 
two important advantages. First, the magnet structure is 
much lighter, consisting ts^eidially of a racism magnet to provide 
it guide field across the douglmul-shaped vacuum chamber; the 
huge and heavy laminated core needed in the bulatn-.m for in¬ 
duction to preduce the accelerating electric field ie replaced by 
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ft compact, rnvity resonator \vWu?h supplier the rf held in the 
synchrotron, t fit 1 correction fur radiative Josses ih applied 

autnmatiofllly in the synchrotron hy phase nlilfts which supply 
additional accelerating pot ential. The coin pi tea! ad eonipcnsat- 
irsg devices necessary in the betatron lure not required, 

3 .2 P r i no ij de of ()|u fa t i i * i ■ 

The synchrotron Moderates deetrons in mi orbit of es- 
seutudly frmstant radius by means of n rf elecirie field upptjc^d 
across a gup at one point in the orbit- The clectrunis are non- 
Htrained tn move in their dreukr path by ei magnetic field which 
increases with time, from n low field which m just adequate to 
deflect low energy electrons flI- inject]nu p tn the maximum value 
permitted by the permeability of iron, A ring-ahaped tnnguef 
provides the magnetic field over the doughniit-Hhuped vacuum 
chamber which encloses the electron orbits. The pule t'accH 
arc accurately shaped to provide a lit-|i I which ilneretufies slightly 
with increasing radius with a value qf n of nlwut 0.6 so as to 
supply focusing forces for the electrons. The magnetic field Ls 
pulsed on anti off at flic repetition rate provided by the magnet 
power supply. Pulsed o|>eration would result in eddy currents 
which would distort the carefully shaped magneti' field if the 
magnet core were of solid iron,, 30 the con: is laminated Ha in a 
transformer. The cyclic operation results in u sequence of 
pttlsefl of high-energy eleclimnsat the pulse repetition mte. 

Electrons are umitiud from an “plociron gi.m M source at 
a |M]int on the outer s'n.le 1 rf the vacuum idunnljcTp urrelerated 
by a diiwt-eument potential difference of hu.ween 5f.l and 1110 kv. 
At tills energy the electrons luiva not y.-r attained relativistic 
velocities- They are usually ucodamtOil for :■ -hurt lime by 
Induction, jn? j?] the betatron, until they reach an energy of - 
Uy 4 MriV;, at which their velocity is essentially equal in their., of 
light. This requires a time ratc-obehange of flux linking fhn 
orbit given by Eq. 2-30: 


dfc 

dl 




(3-1) 
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The linkage flux 4 1 if* provided by "flux taura" un the inside of iIle 
orbit, VL-hn-h sire o! negHgiWp wiasp i^rtnjbtrvHJ with the heavy 
rentml >miT required in Lho S^katfon to provide uiwtimdionto 
t op energy. 

When the eleel runs remdi niluln hi ic velocities, the nldin- 
rivi|i[<Mn y i? tinned nu and applies an aLTderiititag po¬ 

tential aeries ! ho uap which continues the pretCflP of uoedemtiOB 
Ut high cncrgii'*, mulching the ini'musing nmgntrta' ffold- Dur¬ 
ing this ■ptnrwa H.yiii‘lirfmiiuF uMiillatioiia ure set up wSiieJi bunch 
iln- i hM'tpjn^ ih phase and provide tins phit^c 1 stability ehunuv 
inirit.ie 11 1 the ^vurhratrnn, The frequency uf the applied «?ler. 
trie field, lh the eon^t-ant value nf rotation frequency reached by 
ihe tileeirruiti in their orbit of radius r (1 nt ilie velaeity of light. 

It m given by: 

f =.— = Xtg * gyt&mfmx C3-23 

2ntfa fn 

whim* rh ifl in metos Thi* applied li voltage b developed in 11 

... ra lly circuit built into llu. vtumuiu ohjilubC'F, driven 

Iiv vjii'iuuia tubtfl ui the resonant fmqirciuy, 

MiMdiniirL '4 energy of I hr- " In-irons depends on orbit mdlue 
imd mi I he maximum value of the magnetic field, following 
| 'i| 2 S of ( hap. -J, and iltu>tnUi-d in Table 2 1 For our pur 
|jo-i - thi- iftuaUon mn In- presented as: 

T = oflr* « yrnBr* Mev (S 3) 

Hie voiihlaiil on the right rtpplieH when is iu units of webera 
I ,, r square motors and ry. is in meters. For example, u muguvlk 
field of I webcr. i if and an orhil radius of 1 m will rel-idn mi 
rlnctmii emM'uy of I.tJiO Mev. 

The available aperture inside the vacuum ehmnhri rx- 
teiLib over 4 t eorwidftfahk radial width, of the order of ±.i*% of 

r v . Tliis will ae.. an energy spread of nearly ±5% 

i>r will allow ihe freqiiimey to differ by the same amount. Ton 
high a fn&rpipney will product- rtmneinwat ll smaller orbit rndim, 
and will result in lowsr-eiiergy trktttrnnff. * onwiwly, the orbit 
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«ui ■» expanded by applying a lower frequency at the crnl of the 
tucelmitiim interval i.. push the I want out against n in [get at <fn- 
]XTipheiy (often the shield surround tug the Hod non gun), end 
the electron energy trill u ]*i he jnrrcusiul by aboiil r t % ahovc 
♦■he ■inuiitml energy :M the cent ml orbit 

The aperture width described above is inquired at the 
dart to a'TtMotnofiiUo tbe rsulial Iwt&tnm oaulhiticmseHabliuhcd 
el injection due to angular and energy variations. A ciomcwhttt 
mudler veil Mid aperture is required for t lu 1 Brannialcd vertical 
nfiinlliilintiri Them* nBcilltUious, and also the dumping of nni- 
plitciijea with imreiiHiiig magnetic field, proportional to Ji 7 , 

I litre I yen descrilieri hi id analysed in I'hup J. The free osuiltsi- 
lintis arc ultimately nrim-ed to very small ainpht tides, such that 
tin' IiiulI diniunmuti of t he twain uf electrons is l,he order of a few 
square mUHn aeiept. 

Ft.il Magnet 

J be hfirt aynchrol remit used 11 type magnet, fnurufl similar 
in tilnjctttite to thorn? used for beta Irons, but without the targe 
tentrul laminated mn:, Modern design, however, ira-a u ring 
of O-t.ype magnets, twn-h providing ihe field over a eh art sector of 
♦■he oil Ml:. Thta arrangement reduces the quantity of iron sig¬ 
nificantly mid simpliJk>K l In- Ki nd lire. For small orbils the 
fin v return pitlh of I lie C*mngni fs Iftiait he outside the orbit 
For larger mftridnea the Btix re I urn ran lie inside the orbit 
wiiiHi utiikes the rluttnlwr nuuv readily fuccrasihle. Figure!, 3-1 
« » trluHimtu* drawing of lIid assembly of the M IT svnehro- 
trnii with outside flux-return uimiits. 

Remanent lielcls and eddy rurretile in the iron uuiy result 
iu time diatUrtioim of the magnetic field in diff'erenl. portions of 
ihe gup. Symmetrical design rind high precision in assembly 
will reduce these efleets If necessary. I'l.iiTcri ing i-n ?J |- nuj 
womul about the |iok* in appropriatelocation*!, and time- 
phiiwfl currents can lie empirimlly determined wbirii will enr- 
reet the Nwlorlions. For examplfi, circular windings distributed 
across the pule fare mirfareH niti lie n-eil tu vary the value of the 
lield gradient index n. Other winding* about individual Kcctura 
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Fnn H.-L Skul i'Il rtf itm Mau^duiBelU IruMhute of 

TcM’hiiulo[£Y synchrotron Allowing Lho C-QUpiit ttnwmljly 

nad rln location of ih® vacuum chamber doughnut between 

pales 

of rln- pule run i*e u>k 1 iu correH for asirmithul variations in 
the field. 

One ^y rich rot mu has Urn 11 iuistns< u • E without iron poku, 
by uninpc. hmvj cunvnt* in fuur bir imdiun-or* property ur- 
niiigeri siroiniLI the urbii region. by fjiwsoo 1 " at U u k (leuerul 
Khrtrir Company. The chief dkukjiiibjec is rIn- I urge mr- 

i■ h! l 11ti-.-fcI iW r e. t).ii Ihu .. hu lors, which n<piirp® rigid dnmping 

ui (hr eondu'-lor tn11> lo prevent distort ion of i\u The 

ironies flyiirliriJtnjJi is probably must suited in tcmciLL orbit*,, 
high magnet ir hr Ids and relatively low I'lect-ron energies. 

The ryL-Ur iJ|H j Hition of the itinguei requires either aller- 
nuiing or pulsed eurreul, Cluntimioiis iw exriUttinn requires a 
grc-m deal of pijvvtT rind results in heat Ioehcp. MagiwtB must 
be l lesiontN.i wit It large cofijtef winding* and with provision for 
rolling, Pixbed excitation can l*e used to reduce power require¬ 
ments by kipping the duty factor small, but of course ilu? x-ray 
output is ill Si I reduce! I. 

Capacitors are user! to store energy for the magnet* either 
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fur pulaor a-- nperaliuu. With me e\rilai urn tin- rtipneuur 
i* modi- to resoisate with thi- mduutaui-v of ihe magnet. at e hi- 
chosen freqwim?y p liaLinlly <H> or ISO eyeleK pter m-coiuL It nmr-t 
ature energy equal Eh the pent tfnrril energy of ihr riiiigrioiie 
field, which ilctemiiEies the kvu rating. hi eiin'h :t rrw«nant. 
system the cikcfgy alternates between i he mngiiel. siiid the eupnui- 
tur lmtik T and the power line merely nu|ij ilie* the Jmsh-fi in this 
system, 

hi |nilarif opomth’H the ra pad tor m charged Inini n de 
source and in Lht«n discharged through flu- nmgiiet. Pulac ri-^ 
time ia determined by ihc indue umet- mil cspmeittmi'e of I In- 
system* and cm be made i\\ii\v .short to red u re |H>wer hwfec-.s- 
Fgnitrous or other suitable eonirul tubes are used to initiate the* 
pulse, and to stop it after one o^illaticm when the ettuqjy bam 
been returned to llte e^pnntcr, The ih source HUpplifa I]i^ 
system Iteekes ljefcww?it pulses. KleeLriejd prnh.li ms nriw tfhiefly 
from the transient voltage surges occurring during the n witch- 
hig; which ('tLLi he controlled by appropriate damphig eireiifte. 

■hi Injection 

Elect NMifl of 30 to 100 (huiJNind ev energy are nhl allied 
from an ^electron gun/ 1 ronfristing nf n thcnuknnie eatIn mJu 
irniili- ei lentil tiled fikidd, with Uid nilhudu at high urgnlive 
potential Figure 3-2 is a sketch 1*1 n suture typiral of sy>- 
trem usage. Electrons arc fneuKeJ crudely by a regret nr mp (nr 
sometimes by a grid structure to whj.-h jaiteiitial r an U« npjkileJ i 
do eta to emerge from a slit in the grounded shield, aimed in the 
direction of afet*lcralidu. Only .1 small fiuelinn of tin- many 
millianij.wTtiR of current available fmni eui'li 11 jrui. e* directed 
within the n&rruu i.-oue which cmi accepted into sird^e nrhitfl. 
The ronkniiiEler ct-f the plei.lrun» emilti'd -in!- thf w;Ah- uT i Li 
vannum ehanliter within the limn ludf rtwEkliJtiim. Rnt^rmil 
walls of th & vacuum chamber must be made ^uHineiitly eoiiidurt- 
■HR 1( * Pleven 1 the uccumulatirm of I'fmrge due In if- oJceinm 
apmy. OthcrwiJK the resulting derUmatutie fiei«ls would didluti 
and de&trny the rcemuilit beam. 
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piq, 3 -Z. Typiml nlcctron (pm aoureo used in the synchrotron- 

The B.UJt is usually lorn Led j\JHt inside tin* miter chamber 
wall. hi nl the radial thickness uf the Shield ie nuule as small ua 
[WTssihlr. Betatron ^dilations about ilw equilibrium "rbit 
(for ehxl.roiia having the injection energy) will ealiso the m- 
diviriunl orbilK lo miss the Wk of i he injector gun o» ite wi-oiid, 
third, ell- -ip.'infs, hut m [imi'-iiilr the orbits ebon hi return to 
ilie i illiquid 5<hj»*i- uf l er :« if mull numlier nf revolutions. Some 
tlnei-estse in lunplilmii' m expedi-il from damping tine 1 o the 
inm'iuHiig uuiipiplie held during ihis lime, However, must 

Ihriin-i irial enknLii.* nf orbits indicate (lint a large fraction, 

.,i I hr injeel.etl beam must lie lust by striking (he back of the gun 
nil er a fi n 11 inis. The observation, originally noted in betatron 
ii|,iii':iM"i ilini a signilicant fraction of the in jet'led electrons dn 
miss Hu* mm iLiid survive to be accelerated. is one ,J i the pleasant 
luwiikwtts of uiwlemlor history Several til tempi« have been 
nmili to explain this favorable capture efficiency, wilh only 
fmi-li-il Burt w m. It 0? still uoi certain whut phenomenon in re¬ 
sponsible for the observed high efficiencies. 

IteLiiU'oii operation, Li coin manly iihmI lo sci'flnlte tbe 
etei'l.mns from their initial energy of 50 lo 1lH> kv to the oilier 
uf 2 Mev nt which they have a velocity nf U.IIS r and an travel 
iu an iirbil of radius nol Hignifieuntly -mailer Muni llm gm- 
tiietrietd central orbit. The tins required for amfcnrtioii by 
irnluetion, to thin energy is Nitp|>lii 'I by illburs attached t« M« 
iiiHilt- of 1 hr- poles nf tlic guide field magnet. Ihcse kira arc 
agnilii tint only during the early pari uf flit- cycle, after which 
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fhe y becum* sn in rated and have iw further The air gap 

between the lifts of the Hux I tars is made short, urn I the flux den¬ 
sity in the bars is lunch greater than that of the gun],.- field 
during t he early stages. So it is possible to use r ehmv cilv small 
flux bats mat Id tif a high pcrmralrijity material ami yel retain 

I hr ftelatrun suability ..lilinn, (’are must be taken hi nil,sain, 

the eotrert run of Hw 'if flu* density m lie liurs, involving tin 
effect h of eddy currents, remanent hclda nnd saturation in the 
flux bill's ns well :<S ill the main magnet.. Hack hiusing the mails 
fitsld by spatial windings Ims proved be u useful met hud of 
appiybK H iiiih 

Crtine, 11 at the ITiivereity of Mlollipun, has choBctl to 
ovoid aotnp of the difficulties of the lioi.:iim» start by injecting 
electrons ul alwiut -UNt lev and factioniy-moduthJEing rhe rf 
cavity until the elect runs reach relativistic velm-n )<■.-. The 
method is sound in principle, but has intrmJueetl uthnrdilfirtdt:i('» 
nf t'ffiii valent, magnitude in the frequency modulation Another 
fratuiu pioiiwmi by Ogre- is ihe “race-1 rack"' magnet, in which 
two Hemitrircutar sectors are spaced by two straight. sections. 
Dennison and lierliii 11 have shwn that such :m wxaiigcmcnl 
result* in equivalently stable orbits, and (heir predictions ate 
justified exfierimciiliilly. 

Si5 Radiofrajumry Accelcral limi 

The gup across which the rf voltage is applied fur aceolem- 
limi in usually the o|sen end of n quarter-waxe resonant cnvirv, 
driven at it* rewittiiM frequency by a inniura till** oscillator 
circuit. In tin! aiutrl efficient design the quarter-nave cavity 
forms a Si-elnr of I he glass or ci-rattltr Vacuum rhnmlier by having 
the inner and miter surface* muled with conducting material 
The desired remnant frequency is ilelt-rtniunl in advance from 
the orlrit rad ilia, fallowing Kq_ S*2. Suth a resonator can have 
a relatively high Q, so the necessary voltage can I* obtained 
with (i small power input to tin? cavity. The simplicity and 
low power requirements of itie rf » nr I era (or for the sy tie b rot run 
const itule one of its primary advantages. 
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1 ! H pi ilk vnll;m^ Jevd«p]".Hl u^tnsa ihv gup should t?r- ulIjoliI 
\ 2 t inws I \\r average volte-pcr-turn rrqiurcmiriibi, in order thiit 

III. - fi jl.lilirinuii'l pllJlSC HJIgle be ElbuUl ITi 0 , wbu'il hs udtfqiJtLlO for 
HYIII-11IHirIf HJS I*f ill] 1 1 iiKIN. This Fl'i|!Ul lM1 V<lHP-|PL-i'-t IJrifc 1' IB 
■ hhi.ii!iif*I fjrniu l he rule id riw of magnWic licLL !>oing given by: 

V - 2TrJ dB/dt £3-4) 

Kvaluntbig fin 1 ik system in which the magnetic cycle has u rise 
rate determined by ti haa'ic GO-eyde frequency ami n J d klkj- 
turns* jw-uk livid, urn I an equilibrium orbit radius of l m p the 
voltage needed per (urn for resonant Eieeelerut ion is 3,0 kv. 
Variation of Lhe phase angle is sometimes used to provide damp¬ 
ing of phase oar illut tons fallowing injection, 'Hiss can be ac- 
conipliaht'd by applying a rising voltage to the gap. cquivnleut 
to dec reusing the phase angle. 

The tjufuteJWftvG resonant cavity can t>e mode phyaictdly 
shorter ihuh I lie IHf in arc associated with fundamental reflO- 
mince with veliM'iiy-uf-hght pjni teles by Loading it wit h material 
of eh high 'dielectric 1 constant. The pruotical method of airom- 
pHsbing this result is to form llie re^mator of a high dieiertriv 
commie and make it a action of the vacuum chamber* with 
plat 4 .nl otettrodefl inside and outside the sector to form the run- 
due til ui walls of the cavity, and m insulated K a l' ni one £nd 
across Tivhii-h the rf voltage bs developed, Orajmcs having 
ilieleclric coitsluids t>F up to &\ are available for this purpose. 
The plated walk are twribed longitudinaHy with snmtches tu 
insulate against eddy currents which otherwise would de¬ 
veloped in the conducting surfaces. Figure 3-3 is u sketch of 
Hirdi u resonator developed for the 330-Mcv synehn;>troii at the 
Massachusetts Institute of Technology. The 50-Mc oBciilator 
i.s coupled to lhe veaonutor by cap&eitative coupling near the 
rf node of the c|iiarter-wave cavity. Potentials of 3 to 4 kv 
peak fm flGvtdoped across the open cm l of the resonant, cavity 
with an input power to the oedUator of about 10 kw. 

An alternate resocmUtf -the half-wave drift tube or C 
deetrnde—was developed lit the Univfimty of California, but 
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w «« eventually dugiM by tlie aim pin ijoartor-wfivc lumlul 
i r uvil-y, With Hip li»tf-u:m»|[’»Ktli nxuial.nr polonl hsJh in ihr 
Proi^r phase iin- developed at caili end, Hint tbti piu-ttrk-ai rwrive 
twn rtcfiptemtions per In rn. A length aomewLii, It** li.uiu JSKP 
in arr is allowable, if the applied |w>ti?nt tstlis are suitably larger 
than the rieaired maximum voltage per turn SiiWj u C eler- 
trode inUdL flJsi'i ho laminated along its length wdme edtlv 
t'umsnhs. The explications of support inn sac*h a long hollow 
jd.nh'liirc in the vacuum elmmbor, with the requirement of 
Luni nation, made this :l more diffintli nrhitical problem flui 
Ml principle any electrode system would I hi Kilisfartnry lvhidi 
provides tt phased rf voltage of proper magnitude, 

3.6 Target AmtngttueBtB 

Various techniques have been need to h |ipr , t the beam of 
liitdi-foepgy ••U'l'lnnis against n target at the end of tile nereleru- 
l ion interval. IT the synchronous rf system were operated mu- 
l iuuousiy w’hjle the mngtielic field deuretmed from its the 

particles would shift automatically into the deco lend hut phase 



Piti. 3-3. Skut-pli nr uLmrtar-wave ruvity rL»nci- 
imlor for Uio N-S hiUsti 1 lanl-i Lu E to of Tephnolmgy 
pyru-hFotroLi. 
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mills I"" rrdmvrl in. eJit. i-oiwtam railius Sonne rlisiort-imi 
of I (if OMimiiiee reljirifin is lequirivl ir» forre (li^ pkvtrujis into 
mi mini large larmagh t>r small enough In .strike si fixed targe! id 
th 1 ' outer or inner wall * Iim- *tTnptr method nf irausing the 
I 1 1M l» - i o rhsingi. iil l iii ruclins is m turn nil the rf drive while 
the nitn;tiH.k I'teJii is still rising, The pbmtrafts then apirnl into 
the inner wjdl of dm doughnut ver min, ehiurihnr, where they ran 
Htrlkc ;-i fixed 1 iii'Ui l AciliE tir L r metftrrfl is in i Increase frequency 
hI ii_r|i(l-s-, v, fiirli (-urn an imrrrjL.se ia the eijuHihritifn orbit radius. 
Mugniiie iTihfiiiiUH^neLtic-H mo h k jiilrnduisd to cause & eltRtij ft* 
in oil i it -1 iii i ir ■ Ynr exam file. if ;l [hiked figure eight winding 
iiirktmd two Mstoidfiniliir hulvi's of the magnet is rluaed while 
she magnetic field in si ill ihrivaaing, tin- ini hired ciimmtig irt- 
ci'estse held in cjne I in if and dia 'reuse it in the other. This will 
fori *■ the I'lertroiiH into olUplinal fiscillflt'inuH, rmd ran l>e ilp- 
rnts|Tis;| spi | hey strike a target at the desired hwnttGU. 

Elerl.ruriH in l.he synchrotron e^ppiirnrr n central accelcm- 
l.iuii (jtvsutw nf iJieir iimikir motion in the orbit, which reunite 
in rjnlini ri:>il nf eleei rumaguelie energy. Phis radiation extends 
in wavelength over the entire eleHronuiguetir spprtnim from 
■ tn I ■ *. eiM'r.iiv Iriiiil "j -^hneiii rudbilion til 50-Ab freciucncy 
inning i(m- dimeiisiejk'’ and roiifliimlH applying to a 360-Mey 
mmiiiine ', through the viable mid up to ihe nuixinium energy nf 
1 In - eleel nuiM, eurt?*] JOOtli lUi |r> ri frequency of H.-J X \tt U Pydw 
]vy si'enml id. :®1 Mev. "I lie (henry nf the iieenlmirion iinEb- 
rii.n ha ■ ii- i-n liivFM by prhwinger/ who allows thin the peak 
mi easily i jwr w;i veletigili interval i for SfiO-MfV clertraiitf ravins 
at admin Tit A, nr in the region nf the far iiltmviotel. The 
visible portion of Rhir vet rum is observable during tier Herat inn 
: preferably by um? nf a mirror Lu avoid radiation exposure? na a 
SnTwui’pl-i Lirei'tia I ‘.earn nf while light, Some vi si file radiation ^ 
nf :i dull ini 4 4 «inr p bvonies MiiiiivaikU-ai about 00 Mev, Womes 
whirr and most intent at about 200 Mev p and then decrease* 
in inieiipaty tin the visible) for higher electron energies. The 
forward cone lias u half-angle which Awtmms with increasing 
ennpgy of the droitronn and become Icisa lliaii fur electrons 
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of 350 Alov. Total energy lost liv radiation inrreaves wjrh the 
fourth power of the uteri run energy (expressed in terniH of ilie 
ratio of toud energy in rest energy.) if orbit radius in constant, 
as described i ci Chap. 2. 

The loss of energy by radiation is about lOOav j>er him 
eh 300 Alev energy and ia compensated automatically Ly the 
phased r( accelerating electric Ik-ld. Any loss of energy refills 
in a timpomiy rmIm-rLoai in ui l.il radium and in orhilnl frequency 
of the eteiUroiiH. This causes a tihifl in phase of eroding the 
gup wo the aiecrtron acquires mure energy per turn, just sufficient 
to maintain ^bfonous acceleration a 

The null at ion from a target is aim a otintiinjinis rli#rt.rilm- 
fion of x-rays extending up t.o On- maximum energy of the elec¬ 
trons. The low-energy radiation in I lie visible and oil naitild 
ts absorbed in the in ran and the wall of the vacuum Tirtniber, 
so She shape of the energy distribution emerging from ihe 
machine is distorted to favor I he higher-el im-gy radiations 
This beam of lu^iumergy x-ray* omirs as a sharp pulse in time, 
of ft duration depending on the lime required for the electron* 
to spiral into and hit the target, and modulated m ihe piirtitfte- 
I Hindi rritmicm frequency of about 5H Ah:. When a short pulse 
i.N desired, n rapid ejccricm scheme is need, and pulses lie? short n> 
l rniero^aimi have tx-en obtained, On the other hand, some 
type* rrf nHtasnreiuent useue dmmriic instrumentjiti<m are most 
Si'UMfwtury when the pube length is spread out in lime, and 
under hert conditions pmlse lengths of 2rjJKl mirrocecondti have 
been obtained. 

Measurements of run put intensity mv ddfimlt, hern use of 
the wide range in frequency of ihe emit led radial inn a ml ihe 
rektivfly narrow range of sensitivity of ihe several available 
rlntection devices. Calorimetrii' absorpliini of she enure beam 
ir limited liy tire penetration of the high-energy x-m ys and by 
the necessity of applying corrections for nlwjorptiou in the large!: 
anil window, Total ionization measuremeiUg are srmilnrh 
limited liy the physical require me nl^ of an iniimlioii chamber* 
Kfectron-puir production is a quite effective measure of intensity 
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:<1 (In’ hif^i-MinrBy nn| of the tipftiimm, I nil ii i-amui i'\lt'in! the 
Itpji'wr the tlkMitiold ur 1 Mev iiutky Thin- 
wnlkil iimiflitiou rlminlifni ur*' nummlly used na a>1 itiiin ;i awi» 
tirr 1 fituii uhieh tiil.nl limui iu tensity i jjh in' I'ltlculiitetl. When 
converted lino tin himiliiir roentgen suit of x-ray*, the output 

1 1 HIM* Mw if found In In- 1 r.'pula 1 ilt it dwtiUire of I 

Di iiiddu 'a in. nJ lend Jjmj ;ii 1 1ll■ renter «1 tin' rntiirul Ih'hiil, 
fIcfwtiiliiiji mi pulse repel ilion title, ilie vnruum tnnHtiiu'tt 
u()i'rn( iuu; itt ^fci tu ;loii Mtv i 4 i t-(■ \-my Iwnm* nf tin; order of 
ilM!i(l r tniti til I ni. 


CHAPTER 4 

TIip S\ m ilrtn yc lol rtin* 


4-1 i'.cirl y I)cvr1i>|im^n( 

The i-F-livtiviHl m■ liruituliiim on energy for fm^l-frrqiivtin 
ryrloLiwm \uw restricted the ni*i> uf in the urdi-r ul 

rrf}-in -diameter pole fact and (hr proton or deutemn energy in 
aiwmt 25 Mev Thi* limit is set hy 6lu- felativiatic intrftziue rn 
mass nf 1 in* ium, which causes the ion million frequency to 
decrease, so that the inns rJnap out of reflomim-f' with Eh-t* li\ed 
frequently applied eleHrir field 

This maximum energy imjiiutiou q&n be removed and t h+* 
ims arceleratod indefinitely if the applies I frequency varied in 
match exactly the into rotation Frequency, To Chap. 2 il was 
shown that particles in phitscsgtablG oriuts in u cy riot, run will 
follow a alow change in applied frequency, The phase nf eras¬ 
ing the accelerating gftp oscillate* :dwmt a mean value which 
allows juHt. sufficient energy increase \&r turn to iimininm 
resonance with the changing Frequency. 

When frequency is varied cyclically, a r-hnrt hunch of kms 
will In- accelerated to high energy in each frequency ^'rr^ re¬ 
al iliing in a sequence of such bursrts occurring at the miKliikilinii 
frequency, The reduced effective duty eyrie itoiiUs in a much 
lower average ion output than in the cnmreinhmal ryelntron 
(about I %), Imt it avoids the ttsnivnnit limit alum due in u 
fixed frequency and Allows newIcraUmi to much higher energies, 

Thenar of frequency modulation as a remedy for ihr rela¬ 
tivistic limitations of the cyclotron was caggsGfccd fay McMillan, 
of the University of California, and independently hy Veksler, 

* Alfi-i kninvu md the fnsi|i»a«> , -nifHlukusd t m- f-in eycMon, 
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’ f 11m- l T .SS K. jn 19 I.V Tin- ISJ-iiL tnagmu at Itn- TniwruiLy 
ul (Vdifornm km I originally been loo waved zls ji giant ^juidard 
evHntrnn !iy frqfttriur K. O. Lawrence and hia ru-workers. Ji 
was 41 .^^-niiiliul mil isi^td fur experimental purposes in the M»a- 
IkLhi < :lfi 1 J isl i ii 1 *! during World War II 1ml wils nut rr.mtpleled lls 
:l syi lHitjan \r thi? nnj of the war when McMilkti proposed 
the iisi- of fiiiiuelLry Luialion f il beeatne obvious that ihia 
mH IumJ wrmld ivhuH in higher eatr^EA t and plans were made tu 
i iitiverl sin- mugnel inln rs #5yitrli!Xwyi-h)1tuiL. 

'flu* lirwt n--i nF i In * prim-iple, al B^rkvlej 1 , wjj.s Mtk mn 
i hr uklirr 37-in eyHoi i nn magnet by an mgei minis nMliod of 
humiliating the esprrt.i-rl rvlativiwtlc ihjjk* change with an esag- 
gu ruled radial dcrit-utse in the lu-Lunelie Ikdd loti rotation frt*- 
HHetury will decrease al very high eneiBBiw mving In the reklivfc- 
ti- iNi'iruKf an nuir-s It i-iiii ako made k> dectvsujf 1 willi 
itn-reiuiing energy in .. mbilIJ cyclotron ii the maigneiii: Held al 
large radii is minced Mow the rent ml Field. The tesi watt 
huhI rIni nn the milieiptikHJ operation nf ilie l£l-in. cyclotron. 
I)i'nrenm.s i\\ 2IKI Mev would experience an 11 % increase in 
mjihj- during urrelerutioaL The jussochucd change in frequency, 
phr- us adihrinnid 2 r -i for Liu- radinl dir ream?- ill fir If l wjuill’d 
I nr hwiming, would require it iiilal frequency elumge of 13% 
during airMi-mLitin To duplicate this Frequency change the 
held of the '-tT-in magnet win* equipped with radially tapered 
[Mil*- I:lcoh k requiring si E3 % nnslnkl inn in frequency to mamtflin 
n -oih-oo'e with I,he low energy (7-Mrvi dcutermift prcwEnrol. 
With Mii^. ummguxnenL the trrhuiqiirc nT frequency modulation 
rnuld al wised, and the principle of phqac'jrtjihle HynchroncHie 
'Her sit ion couM In- Utctad. 

TIia- insults of tile 37-in immlel le.^1 were completely sur- 
rr-r-ful The dinHeror^ renmuird m I'fiflo Halier’ for nmny thmi- 
f imln of ivvolurioim, '. aliiiatinu; llir thtury jtiul giving vpJuahlr 
data in r the oai^rr-inu of the I Skin, ruagnel m thr eynrhm- 
ryrUMrnn priatriple. 

The l&t-in ryi-liiiroi. ua.h ( nought min iifieratiLm in 
Muvemlji r T I94(I T tw-wlemling deuferotiB lo 1911 Mcv ur Eh- ‘ J 
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him to 380 Mi* v _ Tin- devdaptocnt wei^s uolsilito for its tipnedy 
3Uceeas t eIIllsi ruling the sreuiuiiictfs uf I Iik» principle of pham* 
lability ticn l the aimpliiUy of the m-lniU|uea. ttevercd yeara 
hvtor tbe niijiDfrt5[|ii«ite:y system wart rebuilt In allow tuning to 
higher fmquenehaa far protan neuderatioii, and 0 waseventmrily 
timed up to produce pnitoos of SWl Muv enerjjy. 

The bifwdmte surceas of she Iterkdey iahoraiury led 
others to build similar siLwlrratm 1 * Table -M allow* u I inl ine 
of the tnriccr ^vncbmryeloT ran*, giving pole diameter, maximum 
nwfcgJMu ir fitih L h and particle energy. The higher energy rearlu-d 
to dale its 450-Mev protons with the Ihiivemty of Chicago 
machine. The 184-m. majiuet at Berkeley is now lusing rebuilt 
with higjier power and higher magnetic Judds in produce pruLuns 
of 7<t> S M'-v. The largest new mem. 1 1 line planned is heme designed 
fnr the GERN i. Western European) laboratory in Gcmvji, 
which will U 1 c;tpubic of producing prcitona of t^K} fttev energy. 

1.2 Principle of Operation 

In the cyclotron an appro*! mutely uniform magnetic Held 
is to ron.sft,min the inne in circular orbits ho they pass many 
liman through ftm rf clectrie Held of a large p aeinirireiili^ hollow 
electrode railed a D. The frequency applied In tho dec:trade is 
identical with the inn rotation frequency, mi thail the particles 
F?s|?entui[re an aenetemtion on each 1ravorsa] of tile iicrelcratmg 
gup Particle* eresas the gap, bclwcen the diametral face of rise 
IS and a dummy 1) at pound potential, twice duringeach evvoIil- 
Itki The magnitude of the urw+temtinu si rfudi cirossijig de¬ 
pends on the instanttmernis rf voltage, and m on the phase of 
rroading the gup relative to the rf wave, As the inns gain in 
energy ori each 1 niversal of the gup, they travel in circles of 
larger riM.iii h ultimately reaching the maximum practical radius 
The problem fs to keep tbs ions in proiwi flwmwnoc wilh ilie 
applied id lield Fot a very large number csf re volutions- 

Re won nre ih anaLuiLLincil jLutmnul imlly in the s*ynehro- 
ryr hit roii through the principle of phase stability Oscillations 
occur hi the plitts^- us which ions cross the gap, a brui t nn average 
phase which produce* just sufficient voltage per turn to fee<?p the 
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parlif te in nssoiMUre. The mtE-luinisin hiLs Iwn explained in 
wome fU-tnil in Chap. 2, 

list* inJation tyjvernmg ion rul-ELtioii Ire fluency has been 
presented in Chap. 2 m: 
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Here /a ifi the low^uer^v cydotn.Hi frequency l.y tire magnet u 

field Ji.ruI ill! r'tnuinjSe-lAi-rifcjisfi rutin ol 1 In - mhe i bcr. L'Jn <r- 
querny / must Ih* decreased Iwlow /i. when kun*1 n- cirer^v T 
lircumes significant relative.^ to real energy /■' . For prouiud ol 
kinetic energy T in Mev units,, Lei a field £ in wdbtiflg jwr square 
meter (uiutii of 10/100 gausdh the frequency id given by: 


f - 


14,300 B 

iSTT 1 


r mi:: ■ see 
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Figure 4-1 ie & plot uf Hie relull vi* cfcaiiffi <4 frequency in terms 
nf ///ft its a (unction erf energy, valid for any uniform value of 
magnetic field ft, The total frequency &tvimuti-t also Include 
the effect of the ■lesigmrd decrease In field H wilii ii remaking 
radius required for focusing. As an example, if Lho field drops 
by 5% and the frequency decrease aiisofinled vyttli 100-Mev 
protons (computed from Eq. 4-la) is 30 % t Eire loud frequency 
swing required mil Im? 35%, 

For continuous operation die Frequency m modulated 
cyclically by a rotating capacitor in the re-somml D circuit. 



Fig. J-l, Variation of urbitul freqtifiuciy f/J b far prolan* in ft uni 
form tiingnsLie Cold an a lunctlnn nf prtftGn ksnptio energy , 








Till-: FYiVCll!W1CY(‘LOTHO.N 


(15 


The frnpieui-y rhanne iw a funrl i«ii r»f lime tVir u typiral eireuii 
wilh mil' ll a rubiUng capriritor im ithtat rated in Fig. 44! During 
in mil sweep ci luuteh nf hm& in iUTcienLtod to liigh energy, fin the 
oiitjHH fimstHti? nf puluc* ai the nyeiie fretpiempy* 

r f r ln prints of (In - plm.se illrMimis mn l>o visiinli^id with 
i lie- ii.ii t i »f Fist 14:. wlheh si (tint iif the voltagp fuirosH the gap 

net -a ....if rime, Part it 1 tea wbieh & the equilibrium 

I phase f. will twelve exactly the right aiwlemlmn, l>, to remain 
in <i’-Vhnimrr. sun I vvill :ii t he same phase cm suhHCHpitml 

tmvtiVflfth nf the m\h \ particle mossing at phase f. t will gidn 
ion mneh energy, and its fraqumey will denreafle ns shown by 



I 'm. i Fneqwiaey mrtflufclicn or n rf circuit utilising 4. Total 

iiig ^npnoltfJJf lirltffltnt tniliskl Frnt|ui b .iiL'y j\ mrul limnl fn'L|UiMfci!y /1 F&r- 
UrSon \in\ jumta nilprJl during I lir- in^irvnla J : t : , rami r.i elk su burnt p 

of high-energy ptirUrlc# m (he cyclic |priori T 



Pin -444 Origin uf pTwe *wwdilLUmim. FifLitlua which Ciena 

I III' aDruIcniliiJJt llh p at tfjiuj h acquire c^eesa energy, ruLfitn al raducaJ 
fmrjitcqcy Jkud jitd rifllai^d in HUhfeeqUebl WMttinpt*, illume r&teii by points 
i\ and fa CoHtimiaiiMHi of ihin mutiuki ]i*iuln I.Ui ■ Hwnllat.iotlA ill plus** 
about l-Lii? equilibrium phi m t 4 
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\'A\. 1-1; the redti red frequency will vmsv the pari irk- in h- 
ili'bypiJ in tmwwtlrt of the gup, lUimfrcmd by |ifviot^ 

fi r Ja . »t«, Thiw represent* u niigmih’it uf phnse kmmrd the 
equilibrium phiiso- The iuvr-m- situation, in whieh lln- purtiele 
vtwm'K at a time whcd ii Reives ton small (nr even negative) 
ai/eelE-mUon, will also result in restoring the plutse toward the 
equilibrium phasE* f, Sn the partirlen nim-UIuP 1 in phase of 
'-ruming thn jpp f gaininjE im average annnml uf energy jtM 
Hulhuiem to midlHUMi irfMituUtn-. The delni:b- uf tin 1 plusai? 
(MtUIjitioiiB ami met-butls ol eonipuliug iIn• frequency tnid 
amplitude uF the oseilkdioiis in energy and in radial kieaUiui jrn 1 
given in Cliup. 2_ 

4-3 The Marietta Field 

Parlirfe energy attained in a ayni'kircH'y^loirun in. derer- 
miiieil by the mugnel i. field id die maximum orbit niriiiis ft. 
The qiindmlie relation given in Clinp, 2 is: 

F + 2m - (4-2) 

Numerird values obtained front I Lis relation for proln-nw, doiifei- 
o:ns. ami lie ' ions Mjii.I illu^lmte tin- dimeiih-imiril On[ inremertts 
of the aeeelerutur tin? also presented in Chu|a 2 . Maximum 
magnetic field ks jsevnnly restituted by the pernlenbitit\ limits 
ol at nboul IS to 20 kilogautss fho lie Id jlL ihr iimxiuttim 
orbit radiuid ia si ill further reduced by the requirements. fur 
focusing. Maximum ork.it radius must bt' inside ih. regiuii of 
fitahiliry for free ouch tat ions. whkh is well within ibe physiml 
pr tat: of the pole Ieli'cr Careful rmiLouritaa of ■ hi \tub fare siir- 
kn.Ts will produce n field in wFiiek this point is inddr Un- |n.i[e 
edge* about ottednilf the gap length. So rang net pok faro 
diameter must be a minimLmi of twtee the orbit nulm- required 
for lit o desired ene rev plus one fxrie gap length. 

Magnet wight incre&His roughly with the eulw nf pole 
dimnober, hi the hnv-enfTgj r , nonrelativliitio rimge, partible 
ertergy varies with tiie e*c|tuue of orbit nu.Iins f dims mognef 
weight for amu&Tl cyclotnma is rnughly pruprirtioiLal tr> the fti 
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power of I In- energy: wf ^ V'' Hut for higher energies 
partirh-energy uppri mriir.s a lisimr prupurSmimitty with radius, 
LtinI ilu rnagm-1 ivoaiiJ11 iurriNusj'^ mmv mpiiily, approtirhmg tlitf 
j-i^hiI]iifi fi.'f — T\ I'hjfl rapid mi'iranr in weight and nwt is ihr 
rhief limitation cm the pnvTiral maximum energy for synchro- 
cynbtruns. 

The tniiKiiHi!' rifruit is n| a budindJy simple *1 melon 1 . 
uMilisiiiu 4 I hr II lype Iruriki- with dual return nivuitfi i-ommfMiiy 
employed for HjnziUtT ryelolrnUN Tlw IrakRi-i 1 ' ermwat-fi nf ms 
I IminnilH htn furies, Iwrj voL--, rind two uprights The polios 
hit ryliudero, iii. , i |> fnrii'iI k* ji good imjdi, woinelinu^t tHpwrd in 

;■ i n;l11 1 « .... r gf tlw ®frp # and lermmui.ing in pole face disfce 

which are mril-oured the radially decreasing held required 

for housing. The yokes ami upright are wtftpgukr miiihiiied 

loi^illLi- Ml I.iy Mh- ■.-. I Ml ihr -r r I 111 Iiv ,!>] In !lJiVi‘ 

li magnetic H11^ path a* r-lim-i ;w is pr-n'ijcaJ. In this larger 
ma'-fnin s ear'h of thene six i-lemF-ms most hr built up uf several 
separate -iJnlxSj to keep lhr unit weight within limits required for 
bundling uml assembly. Tlii' precision require!I in Bsu-ilubs ziiir.1 
pul: i llrllii'S- ol I (h‘ gup IS til I hr nn liT of 0 1 11 fcFl. r i -HIWP 1 reqUttT- 
itii'iil mi nine timing Kuril large ictnii'knrcfl* Rgttre L-4 is ;u* 
illutftrns l i-uti uf the Chtrago mu^iieL, showing thv lusanmUly. 

Ksriiiiift windings im 1 wtaekH of Anlp layer-wound roils 
around 1_Liu two poles diykkd into two ieiuutiml cuib Hyiiimc-tri- 
* 1 1Ly -pat'rd from 1.1 ir gup. 11 lc i hie-f variation in deni an i-- in 
the? method uf t^Ung ihe- nunductorH. Estamplefi exkl of air- 
blaftt ^ooluig, oil-hut h cooling, u.it< I internal water or nil How 
through liiEiiuielH in (he eomiuriora, 

Thu c-i in touring of the |iule far^ in give u amid I radial 
iln-ToitH* in field i- iltuslrabd m Tig To, taken from the t-hi- 
I'ngo design -study report, Hum 1 1 mitnuring gives a currarilv 
ahsiped fie lit fur only a narrow map of values of the field, due 
to ihr efivetfl uf saturation of iron. 17ir numorirAl value of ti 
in ihr regain oi urrr|i-mi.inn vaiitfl smuotlily fmm zero al ihr 
renter to nl'Hiut (MSu at large radii# Then jilh she field hilU t>fT 
rapidly near rJ h■ pole edge, iH-rno^' of fringing rlTtscfe, die vulnr 
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"f n rifles sharp] v. A plui of n-vutur tis a fiiis^E inn uf radius ii* 
uhi* dhown in Fig. 1-3 T\w ^utlilrn rise in n st-nr^s at ahnu! 75 
in. riL*Jm-; lur the Chic^o incirIncite nncj H rewhep w » 0.2 ut 
7fi_5 in., mu! thf Ibnii of stability (rt - l.(J) at. 7^ in. 

Thu rr - (L 20 point njiircatciita tin 1 uuudmuiti limit for 
air I •*} U-faitio t] mad I In- (Eiuxiiiium onurgy. At litis value of 

rt iv liEtrinmiH- rusoamnuo oreuni htfueeik th-r mduil and v-t'iiu^il 
'iBdllatk i^. iLiid the radnil fnHjui-uey an junf i v, i- ■ ■ the vuri iea! 
fh'^tu'iu y, The h?am up" unn v. rtmiil (naeillntionH jmd 

Sn lost ii^Liinst the Up and hoi tom **iifTu™s of liic Ji Probr 
targets tire located iiaaidr Ihis rndhs, eiikI ilaflmlnm systems t'n^r 



Fit], 4 - 1 . HdkRttftplld difttfroJiL uf lln . 1 I 'J ilc^m ITlMn. dbuTietef 
gyiinhmf yi'ltig run mfifi&Cl. iihafring the aaramljly slellm nlid blinks, Thu 
JiUUilai;! is rsHleil hy tim ruirenl mrryintf mils Lnrilnd ay rikiriPE rigidly 

tii:HJ u L th a gup. 
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l-’M 1-5 Vnfo lr*Ti? H-ivpit^Lir uf tin? Chicago i»5iL|iUPt lo provi-iEr 

■ In mcJulII/. Jiii.-tPiSHlJiL field mi iitn! for fof!toiinp P with a plot wf flttX 

■ 1 1■ 11■■ ri v n i radium -it. rme vallld <>T t-xi'i i .li ion The pltrt Cit u pline **• 
mclitii ilium ratals the UKtant of the imitfui m^wu of fiisl4. 

Lin I'liiLM-pi-iil, bi iLLJi nf mits must ritsirt their deOecLiails 

here, 

SoniP* iunn may hnW s-nuill enough ostdlktliou amplitudes 
in pnjmvi- jkw* 1 ihe ii = 0.20 ri-waminrp- If so r they may be lost 
by Liiinjiii'i- Imran;ink rr^uimiH-e jle n - fh!2fi bqhvet’ti the vertical 
i^i'ilLiiiMii fmfiieiirv tmri the orbital f rerjiicitty. if ions survive 
Uniii, they nmy flench the limit of stability at n 1.0, whero 
the piLt.l^ income u^riim: ftpimlft. in one cyclotron an os* 
nilogniphis! tvi'Mfd "f the mdLnlhm from the D’a allowed ihiee 
[Kiik.-?. one lurrespafiding to lie resoiUBlce ai n — 0,20, one al 
n = U.ln, Olid one for n = 1.0- 
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ht Cuiilun 1 l*i HIf if 11 r v 

I fn 1 hilenflUy ill the iwHimnt ton h-nni depends on I he 
number of ions raptured in stable synchronous orbits m the 
shu t uf niwIcrMiiiii foils an emitted from 21 disdiarp 

s§oun:e &L center of 1 ln=- . bmnbtr. unite Him Lin r to tin* swirir 
ii^hI in standard f-yrlotnIons am* umdrmtoj in ]iunchit> 
during the frrapieimy sweeps, so limn- is only n liuiiud liim- 
Interval in whirdi ions tmiUwl from Mu* som w run um A pvi-d 
into atabfe orhite. Tin- soune in usually pulsed to provide the 
iiuLNiiEiiim steady ehii output during a time which omkps thih 
uueeptoice interval. Ions formed during I lie polx* an* dflittn 
f^wwfd and in fit l he- D by the applied rf potential. Capture 
efficiency rail f* defined a* the ml in of inns m.-epicd mi., siabk* 
urlHt.H ilurinu l Sic acerjptniiee ljiutyuI lit the uiaxiumiii nu&ilvr 
po&uihLe with continuous o|jH?raiimi at eoithlanE frequency* The 
njik'Lilal inn iif rapture Hfiideury bom- uf t\\ iy principal olijai-r- m 
tliooftitical h Indies, ami the primary problem in tU^n is itinr 
of imLXiitibinR mptiim efhckmy. or the offeEUive duty cyH>- 
Kcilim and lullfy l have working mil the (hcrirv of inn 
bunching? wd Of rapture in plsu>i -^lablo orfutau Their analysis 
skou-s the limiting pljfl-s* ntiprlra of parthde* for captor relative 
to 1 hi? rf [Auim% rind Hie frequency cfifien-iiL-i- belwecn upplied 
f rei jii+:-nry and the rnsrmaiu ion rot at ion fmiueney which wilt 
ht? accepted, I fiey eoDipuU* the instatitmu-oua probability irf 
capture of ei 11 iori and hiti>gmtr uvur Mm* plmse imtdc and 1 3it 1 
I*om interval reprciseiLting the frequency difference to ihhhun an 
overall or lime-average capture efficiency, 

l 4 !\]HTLtneitlul Elina sun. ■morils rppurtnd by Hulun and F..ldy 
of begun iutehrity in the Berkeley ISl-in. ryrkilmnsiHa function 
of I lie- rate of frequency mnduktioit and tin applied m voltage 
(which determines ihf equilibrium phase mmk' verify the 
theoretical prcilii'(ions. The fiirictiimid HuNunh are in esvrtleiil 
ijurditfiiivG agreement, and even the lot.>| hiummiirs an- in 
rertSOTUtblp ngiwrmuit with ihe computed estimate ni k*iiin 
lilten.-rLty. Other uj re rational resul ts and 1 ■ u 1 Jier I'hei^kbii: wit 1 4 
the theory are cjeBmbed by Ifanrich, E5eweli t and \ F alr ! r lT Hi ill 
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furl!it 1 r midirmuiiuij mines- from tilt's t Jtii vfr^ity of Chicago 
meaMimiincrirs rteiii tes!^ These n-suits are sufficient in r-ln i*.v 
that- ihi- meidtanLim of km liLmchirig and capture w fCMfimbly 
well uiideriitfjod. 

1.55 ILul iolVr(|iirm y 0*4.-ilhili>F 

The variable freijUL-ney system for jjowering the I > in si 
synfhrrMiyi'hjlmii depend*; for it# frequency variation on ike 
mpehamc-tLl modulation of l lit- resonant O circuit by it rotating 
vuri able capacitor. TIlp rf [lower t.o drive the dr cull wines 
From a dosely coupled, self-escrLt.pd rweiikior, which must have 
broad hand itmniet.en sties to Cover the wide (iCquemiy miige^ 
A range of frequency morhilaliori of over ‘H I'A i* required fur 
high-energy protons in ihn larger machine^ and if liuili proton* 
and deut.erons are to be acre lernici I with thorium rf system, the 
range extends over :\ fj±». tor of 2 or more. ThenurmTiail value* 
of free [lien !■ irs extend from id mill 30 Ml* i|ow-onvrgy piottlll 
n^iUUnitt at a magnetic field of 20 kilop^^l lo 111 Me (deu- 
Lerons of 300 M*v at 1,1 kilopiussu. The qiiartei-w^GlenKth 
of 30 yb' radiation c about IS it, ri.ml so ir less than I lie physical 
dimension* of the chamber and eleelmdes. Tun i rig sin T a large 
physioit system over tills wide fief|Lnmey range l-ringe in many 
Lenktiicul and dec trim] problem*. 

Several me tin■■U of coupling the variable utfpaflt.gr to ihc 
[ * circuit an 1 disi'UfcSsed In the piper by Schmidt 1 * which dearriSi-es 
l lie system used fur (lie model lest.* oil I lie 37-in inrigopt The 
rndliiwj for (lie model, llljiI I he fir.si syKtem ilhci! for (lie 

18-l-iti. murliin« t t!l iS showu in Fig. fc-tiu. II Is bineejiily a half- 
wave n-*uiijint line, loaded with llie I t at one end and the 
variable capacitor at ihe far end of (he D-stem and having a 
coupling loop (u the oaeMhil ur located near ihe rf norte. 

A revised rf syaleni for large ayi lcIl rocye!oIrons was de- 
si ll i led by MacKcnase/' It allows timing over a wider frequency 
range tu cover both |irOton and deuleron resonance. In lliis 
system a slab line is added behind (lie capacitor, with n armindcil 
node Lit the end of the .stub line. This \s equivalent to making 
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the D circuit n three-quarter wavelength resonant Hue, and it is 
called the three-quarter-wave circuit illustrated in Fiji. l-fib. 
In tuning fiver Ihi* broad frequeucy mnstu the circuit shifts 
gradually from a three-quarter wave resonance li\ high fni* 
■pienara to a quarter-wave rerannnce M low frequencies, 

Fur froth systems described above the rotating capacitor is 
located externally to the cyclotron, in its own separate vacuum 
diamber. Tike prbnary problems are the technical ones uf 
structural strength in rotation and elect nail hmuhiitun uf tin? 
rotor. Lcpadfi arnl brushes must- be designed for low rf reals 
twice. Maximum capacitance requires close spacing uf the 
blades r and spark breakdown between Wades is a limitaliuti; 
aonoot h rounded comers, highly polished eurTiicc*, and fast 
[mmps which nftnitt in a good vacuum are essential. 

Bmatfer ryi'tot.roris mu user a simpler arrangement of the 
rotating capacitor known m the r|uaTt^T-waveiength circuit mid 
illustrated in Fig. -MV, The capacitor is located at the ijnukuf 
the l>, which lb supported on two quarter-wave stub lines, where 
It effectively tunes t.hn electficfl! length of the quarter-wave 
System. In lliia locution the capacitor is within the eye lot run 
vftctitlni chamber and rotates in the magnetic fringing Helds at 
the edge of the poles. The same baste design of multiple, 
parallel plate* h employed. At Rochester (.lit? rapaciiOF bkutos 
are made uf ceramic at id time silver plated to reduce eddy currant 
bfitUllg due to rotation in (he magnetic field. 

in iiiv Columbia t'ldven-iiy installation a ntcxlitic-ut urn of 
th<« i(liarlor-wave cavity resonator in uistil, even though dirncrj 
mms are so large that (he D-steiu stub lines reduce to Kero 
length. The capacitor i& loaned dung the leading edge of die 
D in the si long magnetic livid leJwceii imles, ill unrated in Fig. 
-3 -iii I. Two rows of rotor blades: are used for syinuiet ry t one 
above and another treknv the D. Rotor diameter in small, to 
lit in the small space l*?t ween the D surface anti the jtota face. 
Tbe eapacitnr u* used at maximum effect teener when located nl 
the open end of the quarter-wave resonator where voltage ix a 
maximum, so sis capacitance can lie :i minimum. This system 
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Fin 1 1.1. Variable freLjuonry rf syetcuais Far lbs synehrAcyelotrcjn. 
' :l ' Hall W Live rMOTJLtnt ll Urn with variable eapmritnr til CFld of D-ateim; 
Mi' ttirei -quarter wave Hyeilem ii-iins variable eapndtor and quarter- 
wave atuh Une; <t r ) quarter wave D-Steoua with variable Qtqwitor at 
hiLc k r>f tho D; (ill quarter-w^vr D with tftfiable CApfVcilQr <m Lli-e di- 
jynfltr*l fart? ckF the J). 
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S3 essentially free from ppHKibie jiarasith 1 use illation# zmd is the 
only system which euutd in principle be extended to indeivnitoly 
laige pole face diameters, Eddy cumat problems have I n?oti 
sh?V fi'i■ i and also the mciLntenimre of tbe^lmft. hearing**, Inn she 
development, is now ea&eMiully completed and results in roson- 
il 1 1 1 y sotM&ctory operat tui i P 

4.6 Vacuum Chamber 

The Vacuum chamber ib! little more than a shell surround¬ 
ing I he jwle fueB rliyksp and supports atmospheric pressure oiily 
on the dide surfaces. A typical chamber is that for the Roches¬ 
ter mar.hine p shown in the sketch of Fig. 3 7. The chamber 
wtill-i nre construe ter l of nonmagnetic stainless steel plates, 



Fin- 4-7. Vacuum chamber fur (hi? Sofluint^t lynehrueynlolfen. 
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welded to form liis chamber shell, and including large aide 
liorlf fur inserting I Ivr D in id for mounting pumps, ton source, 
probe targets, and other equipment. 

\ iii'Miim engineering hiiM reached a liigb atage of develop¬ 
ment in syEiclLi'ocycliitnni lahomtoriea r including many satis- 
favlury types of vacuum mala, flexible joints and oilier devices. 

I In 1 large ring seals lie tween pule dinks and chamber wall me 
inudc wiili packing rings tt> compress small rubber gaskets. 
High ~|>ecd pumps, attuehed through large manifolds and 
baffles, are required 1.0 main tain suitably low chamber pressure 
in such n large volume. I’npasuTi* of better than 1 X IfT 1 mm 
Mg arc required. 

Eleel rii'al dieilutrges between the D ami ground have 
canned cousinjorable trouble in moat large chambers, The 
mechanism oi the iliwinirge is not clearly understood. FI. re- 
sctnlilm flic I’umulative "blue-glow” discharge rarnmmi tr» 
stum lard cyclotrons, hut is incident al considerably lower 
voltages and lower pressures in Lhc large volumes su reminding 
Ihi- J> in synchrocyclotrons. Ji seems to involve electron t.«- 
cillnlioiip in cl positive iun orbits in the large spares available, 

I I ‘‘iiri be ii 1 iir'(rv | by reducing the volume available Fur dis- 
cJmviie by inserting copper slieef liners close to the l> and 
1 bfitems. The most Siitiahetar}' method of MippreBaing this 
h ,w voltage itjsciiiiirge is In apply dr electrical bias to the D, or 
to other suit able rlci-trodes, to sweep mit the ions and elect nw 
which originate tic •iisehurge. To iwnQmplkh this, most de- 

syners have provider! ..he !> bo Insulated From ground, mj 

Mi ll such n clearing field can Isr obtained by direrl dr biasing of 
Mic I y i Hhei's use grids of wires, installed on the copper liners 

..ling the li, which are maintained at suitable potcntiille 

to pm vide a clearing field. 

t.“ Target Arrangement* ami If ruin Properties 

The simplest largely m use in the synchrocyclotron are 
probes iiiserlcd from the edge on lhc median plant 1 , which arc 
si ruck by die expanding ion Iteun, The radial location is n 
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manure of the ion beam energy Charged sjnrtielea produced 
ili tlfce target are deflected ill the muglietk llr'ld; ptotons and 
positive mesons curl inward* mu: I negative IileHoliH curve out¬ 
ward. Ill the early days photographic gmuMffliS suitably bl¬ 
eated (and shielded) were used to detect and nl^rve 1 racks of 
llm mesona. Fast neutron^ gamma mys t and neutral hr-^mhh 
travel tangentially away from the target and cun traverse a port 
hi a thick shielding wall behind width detect ion instrument are 
located, 

Experimental arrangements in modern nu^.m-producing 
synchrocydnirons take Full, advantage rtf the magnetic field 
around the probe target.. Mesons coming from the target are 
deflected and analysed ho ihai they emerge Fmm the field in 
directions determined by meson energy. Shielding walls are 
located cloao to the target, with channel arranged tu tnuismil 
wdFdelined energy groups. Bath positive and negative intwn* 
can 1^ obtained in separate lieuniH For some energy groups 
the magnetic field has Home focusing properties, Tt mn be 
combined with external magnetic lenses io concentrate inter ci¬ 
ties on the channel. In this way meson besuri-s have been nh- 
obUuned from the Chicago machine having fluxes of IO 1 mesons/ 
r'.mV^n. 

The tiinc-averuge E« L imi intensity ni the pmbc target is of 
the order of 1 microampere For most large mnohiTiCH- It cun 
flista of repeated buitrte of pulses at the frequency of the applied 
rf, extended over a time nf the order of mm or more phase os¬ 
cillations (EOffl) to 10/Milp pulses h so the duration of (In hiiv-r 
is about CM msec. The hursts are refnailed ;il the cyclic repeti¬ 
tion rate nf dm min ling capacitor, bd-woen Od .out ftHI rpa 

The deflection nf resonant ions in produce an emergeru 
Saeam is complicated by the fact that the change in orbit rudtn.K 
per turn -luring acceleration is extremely small. The deflector 
septum anil applsd de deflecting Self I suvrt'flsifttl with I Ik- stand* 
ard cyclotron r-jirmot he used furthermore, I be I blows up 
into vertical unci 11 at ions ai the miliuaof the n = 0.2 fminL so 
that it does not spray outward 21 s in cEir- cycIntrOii* However, 
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I lie of (lie orhitn iiuised by ihc partible oseilMtionfi 

cull Im? used l.u asaitft iil rjretkm of a 3'icum Radial ijimse 
OMi-ithil iu]^. Iiavft amplitude of scvorzd indie*, ami rndied free 
n^ i[l^( inii> occur of the an me mugnir 111 1■ - TllOM' can tn 1 excited 
So 1 nt^er rmi|ilit.udf^, sufficient ki throw the lwam Llio wide 
O£4'illfiti0il£ E 

The mnwt. successful ejection sysl fin, developed al Ber¬ 
keley, LiJtk h « il pulsed olrctmsfctlin iictd to psnte radial Free o&- 
ctlhtioiiit Kms. 1-8. The deflector CoMteto of four curved 
)jura t spaced zSO the beam mil expand out to the space I xr tween 
Ilk-- lians uu the tiiediiiiL 11 1[lei i 1 boforc pulsing. The de pulse 
fnfees die ions inward, and after about one turn, they have 
swung oil l to I heir itlllxs mum radial amplitude, which i# tievttfal 


*■ 



Fj * i 4-0, Pu I fn&d f fcctm&l nt if a« ■ |! eft or am a m 
far llui rtyni^jffjnvi-feetriML with tlif mnpHltlc 

«Tiii:*1 cl useii id pud* this rnicrgEai beam. 
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inches larger than the radius of the: defier tor hrers, Al this ht- 
L'jii.ioi i the inns enter » magnetic shielded r| tunnel in whirl) their 
paths are rojiiiUy opening spirals, m they emerge from the 
chamber. The- voltage pulse is on for a time uppwxininthly 
equal to the one revolution of the inns, about 0.1 mieroseound, 
The magnitude of the field is ihe order of 75,000 vuHe, wn, 
requiring pulses nr ±I1N),IXH> volts on the two set- of electrode*. 
This is supplied t>y u very-high-voltage pulse transformer. The 
efficiency of the deflector is low, giving a useful ejected beam of 
iho order nf a few per irut of the eirrntlnlinp: Iwam in the cyclo¬ 
tron, The advantage of having such an emergent. proton Iteuin 
nutsidi' i lie shielding walls is sign if ieant fur some types of 
studies. The chief disadvantage is the short pulse length, which 
makes tin- emergent beam impractical for electronic hanaftf 

experiments. 

A simpler method uf obtaining an emergent l ie nan which 
him flie advantage of a much longer duty cycle, hut gives con¬ 
siderably smaller intensity, is the scattering UHTSet, Purl tries 
scattered by a thin prolx- target through small Wight* are sc I 
into frn 1 fhseiilatious. Some of those will have the right diree- 
tiim mid amplitude to cuter a magnetic shielded channel for 
further deflection. Intensities an' the order uf a few per ei iii 
uf the elei'lnirtal.ii- p(i!.*od deflector output. I-i 1 1 they are Mler 
adapted to nmtilrf experiments sinr-e t.lit 1 output eotisisl* uf a 
sequence uf rf pulse* spread out over several milUcceonds. 
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5*1 £ImrietrriHlie^ of Linear Actirl^rution 

The linear ucreteraf.or uses mi Oriviltaimg dccfcdG field 
applied tn 21 linear, array of elecApDdeu t wit h a eougljuit 

applied frequency w 'hivh is in resonance with the motion of (he 
particle* Fartfetes are livcelcmtcd in 21 at might Sin^ t rather 
than in the ciretdm* 1 ?rlsits t>f magivet 1 c* aerelemtcirs lilet: 1 rewle 
spaHlig* art- arranged so that parrietc-g arrive ut wch. gap Ih>- 
tW) doetiudee in the wirne phase of the electlie £k l E<| and go 
experience mi uvcelftrutiun at raieli gap. 

The chief advantage of the Mi near Accelerator Iii?h in the 
excellent collmiatioh of the emergent Nunn u& cdiiip^i) with 
1 In sf in- iuI nig emergent hetimR from cimilAr iicedemlciis. The 
small sine of tha target spot and the high beam cic-iiHiiy improve 
stTid simplify many types of experiments, such as studies of Email 
angle tillering and angular disirihutiniis. ShiHeftng problems 
an- simplified by the opportunity to nae Ktnaill rliminefs in ihe 
HhieklR, nial background intensity due to ^un-red radiation in 
nn nr easily controlled 

At a few Mev energy the chief disadvantage is the broad 
mm& in energy of Ihe Ikuleii, resulting from t&m variation in 
phase at which particles cross ( lie gap*, Direct veil age mu- 
chines such as the electroatutic generator produce much belter 
energy uniformity. At higher energies linear attcdemtflra lie- 
. nme physically long, and a multiplicity of ri power sniin es 
ih mqnirefl tJi supply ihc yvleiidud electrode system. Iin-roawd 
c<hi^ of high-fmpifTScy power equipment and the i til hen I lies m 
pha^- jid]nstmenr of mmy ^LfiilliVl units become ihe Ihnitaliuns. 

Design problems differ for specie m tors of electrons or of 
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protons, as they ultitt do for dmilur ai'i d orators. In I lie earlieyt 
detiigTis p ottly ml her heavy positive ioliti cmiltl \k* Used, nwitnr In 
the limiirLtifjiLH of fhe? available high-frequency power supplies. 

With tiie Htesiily improvempnt of rf power source* during She 

past di?i a(ly f it bus Income possible to build praet iml nvr'c-lemlnr^ 
for pjotoim and also fur eleclrotks IVnluii. jiefxdenilorti Utft* 
relati vdy I ow f ret | Ur fi r iea I o< > to 20( > Mr i I leeat fctid * if 11 le K > j w 
proton veiodtieB during most nf the iieedemtion. Electrons 
at tain the velonity of Light at mndetit eliergitifet and mil bo ac¬ 
celerated in -small slmvtumi wliirrh are resonant at tine row uve 
freflUeturies (3CHMI Me). Those titrin 1 1 11 res an s li wf I > lest 1 ri 1 «.'i1 a* 
waveguides, rather than amiv- nf Htvtrude.s* and pad iHe u<- 
c deration ran l*c described m terms of the wave proiJiTtioti of 
the field In -sudi a waveguide llm dedroilr- wtv replaced hy 
diaphragm*, which kwd the pftiide sn Uml the phase vdodly is 
made equal to (lie el eel run velocity, Nile applied rl cWtrii' 
fidda s*ei up ftt&ftdkig or traveling wave.- m ihe Itnidcd wave¬ 
guide. A group nf elerfrons riding this wave will pick up 
energy mnliiuiuiitily,, similar to lb- motion of a surftwQirfJ down 
the advancing front of a water wave. 

Beam intensity cun lie sigidfictmUy higher in an Hifttron 
accelerator than in a pmlon accelerator, This is htuiil on the 
fai l that protons e\erl repulsive space-charge Surras on vttvh 
other, teudifif in diverge (he I warn, wlirim-, 1.hiw fontm mUiur 
in tr m ;|B. the rehtlividie velofiri^ of deviron.s hi that tin 
electron beam drn b -s uul lend to diverge Turthemwirc. I hr- 
technical problems uf produrin£ n liigb-inleiLdty * i k-Hroii licam 
if rum ho! cathode*! are much simpler than rhon. tor pmriiivi 
ion BUtmtS. 

In iiddiiiiin in the tcdum-nl advantages, dmgnrr» Iuiyi 
nl m hoped ilml liitmr iimph-ml nrw might In- less expensive than 
einmlar magnetic ticoeltfrators, This possibility is band on the 
(approximately} Uueur jjmyjOrtinimlity beiwuen ermt and energy 
aui leii|r(h is rxtemhiJ ! 1 imilar n<■edctfif nr fmhi I hi- uI.Iut lland, 
require magneto fur which the ri.iKi inrrcahw^ roughly with T 
i fur n'lalivistsi- partides). Thw dilTemn. i- in the eon I iapjiuions 
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-upim-ntri 11ifit. linear iirreleraiurs might hf-mme nom- i^rcmcitniml 
u\ HiiltifiriitJj hii^li However, tin- sevend J&pjueiitiril 

doveiopnwnLs ni nutguelk surdi-nitur-H, fmm I In eyelntroi] with 
si-? ^i3i«l eoi■(■ imtgnel, su the synehivHrim with its mtji-h lighter 
nog imigiLi s t r in slur allmitttihK unir limit syin-hrolrun K whieh ^isl! 
fujihn iti/eTi-ji.-Hv- magnet liimeiiskiiia mid eoHt t Itave retained the 
emnutnir julvanlu^i; of iht- niiLgnetir nrx-demUsrH up tu the 
pl'eseiiL 

Tin 1 liriLMir aiTrkmtor tins- nut yet liecm e.vtriirkiil iiiln i he 
tii", rmijjje ililvvevrr, (hr nerd far high-energy dee Irons of 
~e ve ruI ]V\ mn-rgy is now Istn-urmiig uviiftnit, niyl eireukir ekr- 

ip .imde tutors flofli'r from a limitation Hue- to Hu* rapid an- 

I !>’.L-4 l in the energy lurft by radiation at these very high energies 
Hu !I -eerikh possible itutl tin- liiMS&f m'efclenitnr may eventually 
prove in Ik- a pun tiritl mt , uii> of attaining really high ekHrun 
mergins. 

o-2 iCarly Ibdgrih 

The lir.si lintMi ;e '-dei Hhjr,. rk-^i’ribeil by WisJertte^ to 
UfclOj was i In 1 1‘omrunnGr of oil remiinrtee aeorimitnre, Js ruin 
4ded of two lyhudrkd ukelfoden ro wdrieb mi alt emitting vull- 
Jige wn* applied, with a freij usury which allowed eke truck 

P. 'Mini# to h’ reeled 'iunuii »hi- limn soi|uiml fur (he heavy 

Ions i K ‘ jitiiI _Vi 1 ions', lo traverse (hi? hrsi eWircMle, resulting 
iii two :u-<drni1 toils anil ai in tail rlM^-gy t-wke that obLniued hi n 
-Ll'lglr JOLfk 

SJuun' ,7a iiEui other?) emended I he development to ten ur 
mure deetrodcs but won- limited iiy isturting radinfratiuermy 

te<‘hnif|5Lrrf to fncHiucuoks whkh resfrieted I hr appUnititih tu 
relatively heavy lottR i Li 4 , llg'\ vU\ ■ iuiiI to noite low etaergieH 
■ I (Tj2Mi?v). Tim Hfflnxh't- wore roiinnted nfteniftbdy lu two 
I hjs lwire Hiip|ilkd by i Up if |mwi-r houvs v. Thin eknuoifaiy forn] 
ot the Liiu-nr avr'ekrntor is illodmU-d in Lip: 5-1 Sii.re they 
roLilii sij^mre only :i1 n* hi lively low fmjLaendes am] with heavy 
inns "f tmv energy, the iiflefiihviw ul ihe-se early lowliiratom to 
in self ?ur riy*pnreh wu h insignifl E-an t. 
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L-' r i -. 5-1 Early linear accatorator SjwnmiiB* between 
rylimiriraJ oloL’I.rudra lutmasc wLl.li inrlnjuing particle vnlorky 


The sepcirMmn L lx 3 tween neoe feruling gaps is the din- 
t ultra tmvereed by the particles i luring olie-hnlf eyrie nf I he 
applii*d electric held. the Length is given by: 

i - ms (5-D 

where v w particle velocity and / lb the frequency. Each time 
a particle tiroxsrs a gap, it finds an Jirtrclemtiiig field, *f> the 
energy increjiBcs by an iiHTRUwnt l> s where F< if* Mu- vnltngft 
iisrri^ 1 lie gap at. the kustitm thn particle crnisws- 

At Inw eiLeTgirss vHiri'ity TiiDTemetf as the square roni nf 
sin- energy, hci Kiiruc^vc gap s^pnrations must inemu&e in a 
sequence proportion*] to the Hcpuire roots nf hungers. For a 
partide tn he in exact rtsq&unce am t to obtain the mmv energy 
irierernem \ x on earji im vernal r the gup wepamtion distance 
jL for iiLf ith eleeftode is given by: 

'■ = h(i v T‘ m m 

At relativistic energies particle velocity approaches the 
velocity of light t and pup spacing^ Ivmjme fon^Simt: 

U = ~ » Ji/2 (5 3) 

where h is the wavelength of the applied railmfmqiiimny rm the 
electro lr system. ElrHnjries would Iw .spaced at half-wave¬ 
length intervals. 

The energy increment comes from an nseihating held 
given by; 

(3-4) 


F # = V sin 0, 
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tvlu^n 1 l ia Un- peak applied rf potenl iul difference mimss (he gap 
Jim) lk t he pint ft 1 al which r !ip particle eRkssea E hi- gap. i 'haiee 
nf the sine final ion i.n equivalent to ilafiuitig Mira phase tut (hr 
instant when voltage h MMi and increasing toward ths polarity 
which provide acceleration, 

Fur mure generality we recognise ilitil the aruth rating 
potential may vary along the length of the accelerator, We 
ran describe lids by u relation: 

^ - T> (*/*,)* (5-5) 

where ('/ the voltage aero^ the linn] gup arid ^ ijs the total 
length of the accelerator. The parameter k defines the type of 
variation with distance, If A: =* 0 S voltage is constant on all 
gaps; if k - 1 voiiaga increases with the wkhrity and with gap 
spacing, ami ms the average electric field along the aaris is con¬ 
stant if k = i p voltage inora&ftes linearly with distance along 
the accelerator. 

The early linear accelerator* (before 1B45) used tionsi^nt 
voltage per gup (t = 0), The gapa between tubular elecIrudoH 
wo iv short ? at id the lengths of She electrodes hicmiapd wit h 
elh given by Eip 5 2, so that the positive imm spent most of (heir 
tone in the field free regions umde the electrodes or 'drift 
tubes/’ Relatively few electrodes were used f 10 to 30) m the 
precision of spacing was mil critical. IteaoQatige was main¬ 
tained by an experimental balance of the applied voltage V to 
the value required by the electrode spadng, The phase $ m was 
close to (KT P so thul only particles which eroded. tile gaps when 
the voltage was near maximum would remain iti raflotioiiee. 

5.3 Si ability 

By lltlo two iVtors combined to provide a major change 
in the design of linear accelerators, The intensive development 
during World War H of iillm-higli frequency radar techniques, 
with an improved imdcrstaiuling of tbe properties of waveguides 
rnul tlie development of pulsed power sources, extended the 
available frequency range into She microwave region- At these 
high frequencies (up to 3000 Mo) linear accelerators became 
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practical for light positive! ions mid for electrons. At 11n - game 
lame the proposal nf the principle of phase stall ility 1 w \ti- 
MDlnii 1 ' mid \ i■kslc i r ri alSowed the linen! 1 resonance principle 1" 
be modified to obtain synchronous stability during acceleration. 
These factors have resulted iti n [tew class of phrae^rtAhle no 
celemLors. both for protons and electrons using iTy high peak 
power and pulsed with a abort duty cycle 

Phase-stable HytUthronoiis aeoelcration can lie obtained in 
the linear system of electrodes under certain conditions. I b>- 
dllatirjiiH in iiie phase nf cruHsinp; the gaps occur in a manner 
entirely similar tn tliat applying ui the symidirutron nnd dc 
scrilied in (liapti. 2 and 3- < ®ne value nl voltage across the gup^ 

is correct lor resonance with I he peri i.h lie &tmrnir«\ the value 
V* iift&d in Etp 5-1, aftaoftinied with tin equilibrium phase angle 
r p*. In general the peak voltage tu ross lbe gnpt^ l" mt will l>e 
greater than I’ _ and, in practice si value of twice die equilibrium 
value is common, which means that = dEP. 

To show the existence of phntw stability consider u |mrfiele 
crossing She gap ut another phase, illuKnil ed liy the point f L on 
the voltage-time graph uf Fig. 5-2, when the voltage is higher 
than V\ . This particle will gain more than the ctmert amouril 
of energy* will have n higher velocity, and so will Nike a shorter 
little to reach the ties! accelerating gap. The resultant phase 
shifta at the secunrh ilurd, etc., gaps will eventually reduce the 
energy per acceleration until M reaches the equilibrium value 
This prdfieftti Li iHost ru l ed by points i h „ etc., in Fig. 5-2. 
The accumulated exc-egs energy will continue the pin we islii 11 



I'm. PtuMW 1 reliiMima In linear JkCfiikniUdfj 

Pheuc oacUhtiona nr-p centered around mi eqalKbrinm 
pilose |- r jujJ 3k vuttago t\ cut Lliu v0m§ =sblc of the vdI 
tybV£„ 
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I lie jNirfide gets tea lha.ii the cm |Uitil>rha>n attention, and the 
situation i>? ivverM'd. The n&mltmu muliuti is u stable i&HUa- 
Hdjii of ifrh&s* 1 ! nlHsul; the eqiiitibriutn value. 

The re*Li11 uf stability In phase focusing in neutered uliout 
:\ phn.se vrhcn the voltage ueroSH (be gap Ltf Hirnv^ijyji, TliP 
alternate position with decretahug voltage would lead in in¬ 
stability. This siuiLLt ion its jual t he reverse of I lint required 1 1 h- 
plame stability in the synchrotron. 

A consequence of [tie sUble phase k-inj* \m the rising aide 
of the voltage wave te that, the particles experience ktwal dr- 
focusing. Him can tre understood in terms uf the change in the 
t'lnirie held in [he gap during the time required For the particle 
to cross the gap. The shape uf t he fleetlie field in a gap I nAwecn 
I'ySii m] riiMil idertmto ir? illLwtrttlcti in Fig- 3-S- Ptirttofoi* which 
are liiHplnrerl from lhe geuiiiftriful nuris experience convergent 
farces as they enter the gap and diverged fort es an they leave. 
Hi nee the magnitude of the electric Held inerwmeH with time* 
near the stable phase position, the divergent farces predominate. 
The result is a radial or hileml dofopiisirjg o i the Ijcani. Sjxninl 
axial fuelling devil** are required to eomjwuiHale for this effect. 
ITirthcmiure, even though such axial focusing in provided, some 
of Lite particles wilt perform radial iwrfllatioiis so that they 
traverse slightly longer paths than a parti vie on (he axis, which 
ineaiks that 1 hey w ilt acquire a phase shift relative to the serial 
part hie*.. 



Flo. A-21. E be trie field between ryLin-lriral r'-tetrodew blowing 
cuu vct jDrul fni'ccn acting mi atrimxckl |wrl.iiiw ,i In'ii CTiNiriiiE tins uai* 
iui>1 dm* racist forces ^■ 11 teaviapi. In thu linear jusftloriUor 1 lie divergent 
farce* iltp . =i ranger awing 1 la the- inerePfflDR ntet ric’ field while llic purtkir 
ih crtpnngE the gap. 
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An p«rUdi! vdm-iLjr increase^ the magnitude of (hi* de- 
fin 1 usi eg i i ljt k i m jj11..’S -rik iJL^i _ mul when p&rije|vy rein: I < the 

Velocity of ligldj they atv in hunt nil equilibrium. T\uh rail I is- 
uiuleret.ooiI Ij y luting Lliiil hv h< r ai the nrlneit.y • il llie particle 
bewMmut equal tu that uf itn> traveling Hcritrir. wave no pint*' 
difTcrvLiee can develop between purLicle tint! field while crowing 
a gap; the converging and diverging fortes are imw identical. 
So electrons are subject in defnuusing form* only in Mu- early 
stages uf qeeeWatinit when: their energy in below 3 or J Mev. 
Protons, however, will rxperkitce norm- dcfuimsing over the 
01 it ire aeccfcration. 

5.4 The Limic 

The prototype of iJie modern proton accelerator^ known 
an a liiiaCp way developed by AIvsreiF 4 and his :<>:-=■ Miiiilai jM ihr 
Uni verity of California line I Lai ion laboratory p [ciralleling the 
developingnt of the electron synflhrntran in Uie siurtn LuhoraUmy 
Uy McMillan, Consfcmctioa was started in ISHG, and u. proton 
beam uf 32-Mev energy was obtained iu I H I H, Tin- n urhim 

has in use since ihiu date its a msrwrli lewd. 

Tn the linac tabular nlcN'trodes uf inrieaidiig length ure 
used ns iu earlier acwlemturs, but tin- r^JiKinl rirntil used Lu 
provide ft rf fKitenliiil auroaa the gups jh iioiisidemliJy modified 
to improve the electrical effieieiiLy of Urn Ayrton i. 'Hit* electric 
circuit Es made in ibe form of a hollmv, ryliiulrinil ravisy ■■virh 
I hr- vIcN'rrodea mounted along the axis, having distributed indui- 
btuve and raptuutance, rather than ihe lumped constant eirruH 
which was illurt.iated previously in Fig. 5-1. 

A resonant cavity of Mil* type 1ms 8e-veml motley uf os- 
h : i Iluti o r i, with i 1 iffere ni i 'lev 1 ricftl effieieneves, f). ' 11 m " pcjwsi l »li 
modes mv i flu Crated in Fig, 5- h in which the gap *|i-icinga are 
respectively r ^ 1 - and ’J wave lengths uf iho electric wjivnw in the 
cavity „ or in which the spaeiings art given by 1 dt#X p dX, mid "JilX, 
where = r/r mid & is the wavolengih. T lV first ease, in whh'h 
/j = r ^^tX = 1 ;ji'// p is identical with the mode vised in Mm early 
accelerators. It. can 1 noted (IilU large circulating eurrurjiH 
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Fw. 54. Mode* i-f Mdlliilioti of a rasoiuuTl cuvUy Ibrnind of ct 
iLjl:na.l±kr Qatar rcnrfiictur and it'uiixinl cylindrical drift tubes, (a!' L = 
liUFgc irarraTll* esfflt; in the supporting dinphrimtit-J L = JJfcj 
r-iri'tiljLting CttiTcbll ^GlifiinHl to tbb lubuliir ffiiTfvmgij (c) L - 2pk, 
jLh^rrLnu^ Mii.nfr 1 when drift Lube* nr.' ilutirud. 


iniiHt vxhii in the stems or rifophi-ugni* which support the etec- 
frocks, kiutiug Ui I.'iik* 1 to** 1 * W a l«w <J, The L = ,8\ mode 
requires riiYul&Lmft currenta only ilLoii^ i.hi- electrodes niicl cm 
Slit" inner W'tdl of the surrounding cavity inn! Iuih a much higher 
Q In principle oath unit cell of the system, contained talwran 
the tint ted lines ut the Illation of the elect rude stems or support rf, 
i* a system resoiia.nL u-L the impressed frequency* The ^paring 
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gnp relit ent is on r guide \r»vdt»iigth t ej.hi:E 1 lie pokiritirH 
and phasi-smc I he Aimir in r;i-li g:i|i The mode is \u\ nllvs 
tiiitjvu- w il ii much liter same elect rin 1 1 pruiiertirg we] it Ihat the 
rfpiiring p 11VIJ guide wavelength* |r would IH‘i"i>THI“ USr.1111 1EL 
rlsi- VUU- wlimr pari ndc vo It pi it v is tow Mini ihc disliunc m ErnvH 
during mi iv jariod uf the raflisifiriiut'itcy would impure jm 
inipricrir^lly sburi electrode length with die ^ mode. 

Electrode djitteiiriote of I hi Htrkeley Iljjjic were ulmesm 
to licmTiaiisixJttfc a lieanri diameter of | to 2 in.. imlicipulidg 
crhrinilI era hie -presiding of llie Im-juii due (o 5ho dul'i Hailing I > urcr 
auid smt.temi|| dlte to the rh in foil tVHnjfilMft devives planned to 
mnjpc'n&ite tor such dfifiixuiiiiiig. (Mfc njf«.« eU'crti-ndes with 
thin internal aperture could not he shark 1 r ;!llui about I in. 
because at the (wiiBtration of tifldfl in the npcrrure, The mjer:- 
1.inn rriargy wtL-s -I Mt'V, liir maximum possible with eiii electro 
static generator. Thei«t parameters dHi-muned the operating, 
ir^iurrii'y, laki n to I200 Mr, anr! the lintriir dLrnnriHmits of the 
oteghtodc-.N. T]l o were nun le one-thin I of the electrode 

lengthy tiud ihe thirty drift ruhvs occupied a total length of 
jittfjui 10 ft. 

the structure is a large resonant cavity III i'r long and 
ad hjui 1 Fl in duuneior, with the army of drift tubus of inrreuBuig 
length mounted id' mg the axis This cavity resonate cthcieiilly 
in the dX longitudinal landing wave mnrli\ such that each eler- 
trtftlr is in I hi- center of rt cme-wavHength sob-unit uf the cavity 
which ia rtTOTmnt at 200 Me. The frequency is mu in 

lamed cunutiint airing l In? structure, in which gup spacing iil 
rreraea with proton vclur-ity, by suitably dr-rhruling ihc external 
diameter of the drift tiling which olTpcts the rapm/itaiice in the 
nriir cell. Thu ucrelrmlnr is illustrated in Fig. 5-ft. 

Surplus t'Julur tilths and pmvrr sopplii :- wen 1 rninla avail 
able in ((ir Hai'Hatrnii Laboratory hy the I S. .Signal Corps. 
Tfaitt eE|uipment was chi*sen becmiAe it wn> adapted in the lMK i- 
M'“ fnC|Uenry. The rf power supply consist* nf thirty oscillator 
ini bes on pled with small UnxpA through tlierideni the 4-fl. cimty 
al each sub-unit. The tight coiipllng of r 1 m- resununl sub- 
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Fici. fi-S SobdDiiillc iif jimloji liniLC showing drift tubes 

iif uic-i-'nsjrtfi Ir*n|£l h -i inl ikpomunnp; in tmuBldik mw- 

iiJiiiHi hi •iim.hI n.iiL frmiUBi.H'y 

nml-ii-K Him iiiI eiiIli- u rwiHtuJit jjhaiwo for tW thirty 
Tiling itrr tsrili'ii m pumllul from 31 miuftor tw-i[]/U«r jit 20 Q-Mp 
fnH|Ur-iM'y Vh\U i power IW the iuU^ is obtained from it pulse 
forming iki-i work producing si dr puliw nffifMI mieiTORrnndsdiira¬ 
ti uti M a jt^tb'inh fmiiirriry nf IS jjs-r sirniul. 

Mmiimn ;jTf L iirsi aroeli-mtoi la S Mpv in it horbantul 
i , |i-i'irLKHtiii \r ni-imrul'T, ili'pfignnl .1 mI IjivUt by t!, Turner* follow¬ 
ing l.lte t i \|w 1 rdi■ 1 n“i B id Iferh ni the l’diversity of Wisconsin. Yhr 
ion ?umrrr m jUil^nl fur /pk mirr<N«'”ftHilH jit lhr- repetition Uv- 
i|iii s m , y, mailtifm in pulur ihtrnwti^ 1 if aboul k mu of proton*, 
1 ht inlion into flu- limn- along Ihe usis id the drift tube]*? ihr 
pmlfdLH ini- jiiM'irmlMl J• v am aridttEnnal 28 Mev in t,hr thirty 
^jiTJK. nr'nutiiiiK ai firiiLl rnea^y id S2 Miu\ tlie ilMgnc'il rouxtnnnn, 
IIhlhi* fin-UHiih^ iik viw lime- h'HultKiu the WW-minnKecwmi jujIw 
ksebig niiiiluku^l :il (In* 1200-Mr fnn pienry. Tins nveruRe 'un'ent 
■ d T 2 Mev pmtcHifl during the puYi* \x nt.mut 0.6 ma, m<\ tin- 
duly i B yi'lr i iv^iIIh in u tlutf-iivurn #! 1 riirrehl fihonl -I X Id 
ttiTip Thi* in roiii|umihlc with the output nf a forth'yi-h.i* 

lr«ik 
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The litelhod originally proposed ami used by Alvarez 1o 
control dttfwiisintr in the liimv w lu mount I,hilt tuil» ui the 
entrance of the drift: tubes, The tiedrir field between u cylinder 
tnni a plane in always eoaverglng when the I will is uerelemting. 
ft* iHuftlmM in Kg. S-G, which n'moves the delneUHmji e(Tm. 
The foils were made <>f Be (low Xi in minimize the anuill angle 
Coulomb scattering in the foil anil were extremely thin to keep 
energy Iomhw miillLI, However, the if (litharges in the cavity, 
which accompany niil.giiMrang juni conditioning nf the surfaces, 
I aimed or tore liie folia* so the method hau l to be abandoned 
An alternative Helieiiu? urns I grids of Tie metal titrijH* in similar 
lineal ions, Thfetfi grids were speemlly shaped to leave the nuisi* 
mum Hear aperture along the axis and i" have a high aperture 

lo-prnrl I mr mt to. The grids an.chilly iwistd I the i liseluir.t^^, 

hut beam in tensity lias reduced tus-aiiN- the piin inten^ilnl a 
signihi'aiit fraction of the imam. Kvcntufljly till grids were 
removed except it few in the early drift i nl to. so (olid lwain 
intensity was nut reduced Iwluw fjO*?; However, litis iNjtnpm- 
tniBe resulted in nil iiudesiruble inneroso in the beam gjxil size 
One other lime 1 is under construction, by Wi Hiatus, at the 



E i l. 5-6. t 'oirvergeat liirctn -■■■ unebation lntwwn 
a tutor and a plane dertrmte fir grid, 
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University of Minmwia. It k designed for Ft 0- to 80-Mev 
prntons Hint iIhe same resonance principle and the same 
lutsk- design a* the Berkeley Jiitac. Thr major difference is 
in a In mi mi re^.nulroJi lubes rjueilliiturs to provide the 200- 
Mi: ri power Tln -r lubes are planned to yield 4 megawatts rf 
pmver out pul in a fflXI-mkK^cuiid puke,, or 8.5 megawatts in a 
10■niifru.^'rorii puke. Preliminary operation at JO Mcv using 
one reumttoii was tv ported in February, 1054- 

Etevelupmeiil-H at the Harwell AERE laboratory in Eng¬ 
land have culminated in a program for construction of u 000- 
Mrv pillion linear aciiterator designed fur extremely liiab beam 
Inli'iililies Willi average intensities of the order of milliarrv 
pWH, miller thun mkronmperea, the output of mesons emild Iw 
expected to exceed by several orders of magnitude that obtained 
f ri yj 11 kv i it S mjcy clot:roi m or o11 iit prutoii ti i 'oeiemlors The bask 
problem is the development of klystrons or other vacuum tabes 
to deliver ihe iim-s^iry high pulse power at 000 to 400 Me 

n.lf Thr Fac'iiHim^ Problem 

Oni of tlie most useful npphcutkmfl of the principle of 
atlenmi ing gradient focusing, described in Chap. 7 t Is the ii.se of 
magnetic or deetewtat ic quodrupote tosses to eompenEate for 
the dcfthu^inn forties in the linear accelerator. The propert!-™ 
of Hie l-pule mugnelk leases are discussed in l-hup. 7, where il. is 
shown lino a pur of such units forms a convergent lens for 
partldea diverging in riiher transverse coordinate. The ad¬ 
vantage over the traditional sclenoid&l lens is in the mailer 
aiuniiin of iron nr power required for a given focal length. For 
very high energy part ides Hie solonoidal lens requires an exorbi¬ 
tant amount of power. 

Several investigators have instill ted KtieJi 4-pole lenses to 
cnlHnmrc and focus the emergent particle beams from, accel¬ 
erators, Cork and Zwr' h,i have applied it to the 20-Mev 
h Il- il I crons from the Berkeley cyclotron^ with the result of tle- 
rreashg beam spot. Fizc on the target and inere&siiig beam 
densifcy by a factor cif Similar results were obtained with 
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the 32-Mev beam from the limn 1 . The output hamis from 
Van de (trjuirT jiiH^h-ml.oim u\ Ontk Ridge, MA/I., iujlJ ueverul 
other iniftitirtiojief have been fiN/used with such teRww, 

Bin well rf ' brw propoml she u-.u nl ulSematHm gradient 
fueutotig an (In- i-ta'in*1 1 - Hlriii-iiihs u:f linear turHemiurH i ■ n 
(morel i hit thi 1 diiveruoinr os' the ln-iirn rttHlimiutml) 1 along the 
pjith of tiir p^rlii-hv. In hifl proposal 4-fKile tdcHlrotftidie Ictuses 
would he mounted inside the driFl 1«lie#, with the hyperbola 1 
2 ix lh ailing the renter]ilie. PTLertiirotifHl ie poleiiLmb would he 
applied to the roirr hyperbolic electrode* Miftirient to rumtttiijuita 
for the illvergenre due In the elreirr fields Irt-lween drift lubes. 
The kiermhiiiig length of the drift min's allows an itic:rea±iing 
length nf Ictus unit s which is rUfte to Thai refintrrd bv I he in™ 
smarting energy of the particles* to mumtain tin- eorfipeue&it ion, 
C-iiletilatiuiiu of ihe lengths anrl field si rengt.hK requited for it 
typical Imne are given in Blewet-t'a jftj.nT. AfteriiiiriveJy. mag¬ 
netic lenses mold hr ihw! between drifl lolws, hm ibis mvolvo 
il more cvmpliiruhHl gisimidric atmeture, The H-c of I'Slertml 
magnetic tejLsea elUuwb the bms design So indejuaidcnl of drift 
tube length iexcept for practical cs^klenrimna of the eleHriml 
IciuW. However* it. requires tbiit the actmlmiltir Utlie he small 
enough to fit between She pole lips, and il may be neee^aiuy lo 
u.4r> lumped cimiita ml her lliiLn waveguide**. 

A prelim in ary trial ■ i-F the use nf fensrs inside ihe drift 
tubes las* ln*«*u reported hy rise Berkeley group, the enisl¬ 
ing drift tuUiti of the 32-Mev linae, The fjmni delink y on the 
target waft ini'miiHiHJ hy a factor of 20, and the let id Imam iu- 
terisily wiut doubled relative m the best perform!!] ur with ihe 
foes using grids. Although tbi.s correcting syalem wm not ideally 
deigned and iJimdatiorL difficulties developed* it --Imw.s She 
potent-nd ifrt'fuliieHzt *if cdtempting gradient foruttttjg in the linae 
Future development* of limms will probably incnrpuflitff 1 
rhe A.H riHMiaing 1^ j liiiii[iiF, which offers an oppovtiiiniity 10 
elimhnilc the one serieun Haw in previtniK nrcHr ra t ors As. 

Rfh \U haven and ni r'Jpin-va Hhe ( l-.KN IjLlHpmiiin' i ilesignsan' 
in progre*fl I'nr litmea of idsiut .^3 Alev to i.ihi?iI as injii'Unv 





LlKEAB AOGELEHATORfi 


93 


into the multi-Bov ttcceleratoni now contemplated in these 
k\boratories. 

n.h Kkiiroti Linear AcreLcralnfs 

Tito special chajiwtorj^titja of the electron accelerator an? 

oh the fact i hut electrons approach the velocity of light, 
ut relatively low energies (v = (hflSc Jit 2 Mev), and that with 
(ids constant velocity the spncings between accelerator gaps 
become equal. It is possible to build a reuomtsit Btruoturc with 
mudi shorter spaeings between, ckjcteode^ which luke& on the 
idiutaotmsticfl erf a microwave waveguide und allows the use of 
the techniques and power sources at 31100 Me developed in the 
radar field The availability of magnetrons and klystrons with 
extremely high peak power ratings on in lined operation at this 
frequency ha=a made it possible to design electron accelerators 
for mud i higher energies than those developed for protons. 

Brieuiists and engineers in many laboratories recogniBcd 
11 l5s i ipportu i hi l y .. J )e v* ■ I ■; ?p inci it starts (ml 1 9-lti < u i pnel imi l mry, 
loiv-energy accelerators to lest die principles aim 1 design ooncepta, 
at the Teleenmimmications Research Estabtishmeni (TRE) 
Uibomtory in England* and at Kliuiford, Yale, Purdue, 

mid other universities in the United States. The development 
renteml on TWO major problems. the design nf suitable wave* 
gukies for the aeixrfrjmling system, !Liid ihe phaarfiiji; of multiple 
pulsed power sources such as magnetrons or klystrons. The 
IMltoli n null s a tv njostlv in I be form of i men ml reports in the 
TUI' end AERE (Harwelli laboratories^ the leader in these 
at,tidies wag T), W |-'ry." The M.J T. project under the direr- 
lion of ,T. C. dialer has Iwcii reported in several publications.** 
The Stanford devdoprn&nt started under the late W W. ! tausen 
urn I has IxH'ti conti rmed by ( imzton P Fan of sky and others. 3 * 

T F k- properties of a |vriadie army erf uniformly spaced 
electrodes can besl l«? dewribed by considering the system to be 
a lou-kd wuvc^nidiv mi which the phase veined v of the traveling 
wave m iinule equal to ihm of the clectrom The phase velocity 
of il wave In art open tubular waveguide is greater than the 
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velocity of light, In onto to reduce it to (lie electron velocity 
O the structure must lie loaded with either lumped or riiatribuTcd 
I’e&i’tivo rh-mcms. 1 lie- usual method of loading is n> insert iris 
diaphragms inside tin - tube, Hjmi'cd pcriodinilly til Home jircdwj 
fraction of I he desired guide wavelength. Suoli an iriadmded 
tubular waveguide u ill tint rated in Fig, 5-7. 

L-VfcJ 

|0) 

C 'CJLl=Cl=£l 

-J*L 

(b) 

Flo 5-7 l.emiit.iidiiial crow Mellon r*f i inular n nvw jiumJcr 
for electron (incur iuM"nI«Btw> ,Lip-pn. |i-.j wave guide fur a Htami 
inj! '.vnve inTrU-rnLor. ..tiftplir-jpni.i nrn l.iruU'.J at tjH tnlcrvatn, itir t . 
iinnlr (lit Traveling wave waveguide. niqphntgnu nr? liwuttnl al 
1 inlervEth, l tut r/2-jpnrli! 

The wave form propagated in such n periodic structure 
«*n t* expnswxi a- » Fourier series, iu which only nm> of t.bc 
wmponeiiljs will have u velocity of propAgaffotl « qM«| to the 
electron velocity. Other component i will luive dilToit'nr vrluei- 
inn I will act only os rapidly n.-wt I luting perturbing fields on 
the electrons, mi tlwir effeda cain-cl out. The wave which is 
propagated with the targest amplitude is dial for whidi ih<- 
sparing between diaphragm* ii L ilt' .if the guide woe elcngth. 
Thill it) called Hie ir-node, illnstratml by I'ig. n-7a I t (ho s(ni> - 
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'lift is terminated altct :i Imhe number -if diaphragms, no th: l r 
Uin waves jot rnflrertal from the ends, n stjuiding wave is set up 
liloog the guide, roiuqsling of two nimiMidui component.- whinh 
are i ms I of phase by IStP. The guide url-H like n nrconani cavity 
for this fret|uency f with ■ fif- diaphragms located nt the nodes of 
the standing wave pattern. 

Another way of ilhIhpl the loaded wave guide is ki employ 
a iiotmfflwLiug terminalion and ro obtain a traveling wave, 
I f - i'ilii In - !«'imailU-red i- consisting <»f a *ine aivi* [tenI ji nwini‘ 
wave with a phase ihJTereniv uf IMF. Hie two roiiipuricnth ran 
he excited separately by furling pjftver into at least two suitably 
hiuicxh] pciiMs. In order to maitfikiin symmetry in the fields, 
I In 1 din-phrsiRim* must Jw spaced al. Utl* piia.se intervals, This is 
deauribed a£ the x72«ninde p shown in Fig, 5-7 h. 

The rein I ivn advantage* u!' 1 lie Btamlirii: wave mid i raveling 
wave ffj?n EeaiB have hern analysed und ditiuu&sed in detail by 
Slater/* why finds id vantages for the standing wave type at 
relatively low euErgin&> and by i Tinston, Hansen, and Kennedy* 1 
who conclude NIlelI. the travelbiR wave type gives ladle]' power 
economy fur I lit- liighttr-en&rgy acrtdemrnr at Stanford. A 
single, I raveling wave result.- in higher electric fields, for a given 
power input, Ilian a -ikuftdiiig wave whirli haa two out-of-phase 
com puma da. On the other hand,, the traveling wave can he 
maintained only in :i guide operated in the t/ 2-mode, with 
diuplmigTiuf Hpaced nt LH)° phase points, so the restive liiuscsi in 
llli- guide ate larger than those in ?i standing wave tntw whiffh 
h&s half the numkrcr of diaphragms. I Hher ij&ompFLriHOJm involve 
details of diaphragm dimensions, methoda of feeding power to 
Uic w11vi 1 guide, Jiiitj the power effuiSeiiey or Q of the cavity 
circuit. 

The Stanford linear electron accelerator ts the only one 
which Iwxfi been developed to really high energies* It has np- 
i'raUal t\t IMKl Mrv. The design is described in a technical 
report of die Stimfurd Minow&vr Ijilmratory, 30 The 34n.- 
dfcamet' V, 8000-Mi- waveguide i> 22*J ft long, a length capable 
of accelenHiiig to L Bev when the final foil power supply is 
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installed. It is planned to havi? 22 klystrons feeding the wiivo- 
guide, aadi capable of maximum upemtbn ut S7 megawatts. 
Ijk March of 1054 about, fifteen were installed and up^mti&Er m 
reduced power to give 200 megawatts peak pulse power over ji 
pul be of 2 microseconds refeaU^I nt a rule of tlO |*cr second. 
The maximum voltage gradient lji the ^tikle- is 3,5QQ f 00D volWfk 
with iiu uttfcfiimtiuu lu oise-third this vuitie between klystron 
feed points, Phase focusing in the curly stages uf ucuelerat-inn 
results in an energy Sperctrum with a width of 2%. The meas¬ 
ured intensities at 600 Mev are about 1.0 s 1 electrons per pulse, or 
a time average beam current □! I microampere. Higher in¬ 
tensities could be obtained by increasing the ^petition rate or 
the injection intensity, am! at lower energies \ x j am currents of 
up to 10 nricruamperea have been observed, The opportunity 
of attaining realty high intensities by increasing rf power am] 
improv ing the duty eyrie* runstitutes one of the principal jid= 
vantages of the electron linear accelerator over the several I:y|h*s 
uf proton accelerators. 

The primary problem and chief limitation of the Stanford 
machine is in the development and maintenance of the klystron 
power tubes. At present iindr iterance time and costs are ex¬ 
cessive, miMrig it difitaidl to operate at full power. With fur¬ 
ther development it can be hoped that tills technical problem 
cml be solved and the accelerator can be brought into operation 
at full energy. When tins stage ia reached, it will be possible 
to estimate the cost fur extension to higher energies wilfi more 
accuracy. Present estimates suggest that the coat of me reusing 
the energy would he about $1000 pet Mev. 
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1'lie proton flyrmlLrotrim h ihe most i-ercnlly developed 
ui^-KemtoL mul pnxliLw.H the lugla^energy [air tides obtained 
‘l-ilf’ ii i> :iltn* tb- bi-gwi Lit.nl mitst ettpei reive. Tim Hrcnk- 
Tjaveti camatrnti mmv into test- operation in June, 1952* at a 
'™- ord energy nf 2.3 lii-v protons uu\\ ivhk raised 3.0 Bnv in 
furly 1954. The immo in symbolic of She fart that tins rnurgy 
overlaps the energy range nf primary roamici ray a. A photo- 
«raL|ili nf this Broukhavpft coamotrcui talcro shielding wm in- 
nlrilli-il is shown in thr- Frontiapieee. The Uwatran tit the 
l T JiIviinsLty n| C’ulifdttiia lladuition luihomtury iss nearing com- 
plrtirm a nd is cjpeetpd tu attain a proton encxgy of 5 to G Bov 
luminary operation ut L9 Rev whs announced in Mureh, 
I'.kjh The i.-oai of these machine^ which is about two million 
dollars per billion volts, is bijgh mi thr absolute scale, ami Ijos 
been sulrfidtaud by government funds. On n t!ONt-pc-r-vt>it 
hums, however, Ute proton synchrotron is the most eroiiomiiml 
of all ileoperators, approaching a cost of 0.2 rent per volt. 

For the first time particle energies nrv available greater 
11 mil the rest, mm^i nf injderjns (0.938 liev) nr of any known 
heavy mr.mms ^I>hoh furmiitiuLi priMiesscs and the propertied 
of mesons ran he atticiiod under controlled Jalwratory etinditiuns 
at. eiiergir^ extending into the easraifi ray region. Early results 
iftigKOst that it may he fjnssibts i e produce and study many of 
I he ' strange’' 11 _ 111 i ■ V> u( urjfimie rays. Scientists anticipate an 
excis ing time during the early years of research with these great 
uotidcnitonr. 

The principle nf phase-elaMe ayrnhimioufi acceleration 
reaches its highest stage of development lji the proton synchro- 
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Iron. By combining tlie teehxtiqiiCH used in earlier machines, 
Ili[ i ir individual Liniitatiuti? have liwsci side stepped, ami a new 
range of energies lias Ikch made available. 

The Hyiicrhrufryukitmii, which has lioen $\'t sucuwswful as :i 
proton necelerator in the 1 cNl to 500-Mrv range, requires a 
core magnet. Magnet weight ami runt increase rmjgjiiy with 
I he cube of |K}iu fare cJIllmii-ut. Power costa also iririm H *v with 
the volume of lhe field Ixstwroii poles or with the rule of d lump¬ 
ier if 'LimeottLoEia are seated. If a Hyitc hrocyc lot run were to Ih> 
enlarged to produce protons of sevor-fii Her energy, the mslgiK 1 ! 
would become c&GrliiLimt in weight :uid cost. 

Magnetic electron atTolcrciturs Hit'll as ihe betatron or 
synchrotron have practical energy limits of the order of 11.5 mid 
2JI Bev rosperlively due to the rapid ousel of radiation looses 
eft peril 1 need by the orbiting etertron.H h <yi displaced in Chap 
Tin- limit of acceleration i& rear_hed when the mtliMiors |.n«y per 
lurat becomes equal to the maximum practical iirfsed^mfiug 
Ynllage \ht 1 1 ir 11 The radiation lo;^ increases with rhe third 

power • if the ratio of tolnJ energy tu rv>t energy, r AVAyi 
Jtei 1 jiu*c <jf t he farger |if1ilon rest erierg% r , i he mjujvah'iit liiiciiting 
energy fur protons would In 1 i L8U);- rimes larger than for dev- 
troiiB. .At hoy energies considered to dale the radiation kiss by 
proton* is negligible. 

So I he ] i rot op i synchrotron iihj^ il ring maguel lo reduce 
magncl eofil. aveelemto protons to avoid ihe radiation Iohh 
limitation and operate on the principle of synchronous ac<-Ekni* 
tioiL :l( rortHtaot ntdiusH. This exienaiuii of the principle wan 
appreciated by machine designer mi several hWaloriesq and 
^■veral groups independent [y e&leuhdi m! the biusic requirements 
and dimensional parameters 

(hi lEi^toriea] Tlcvelopnsenl 

The first proposal of a proimi acreleniinr using pi ring 
magnet* in which both magnetic field and frequency of the 
aredemring electric field are varied, was marie by Lhofe^or 
M. L OJiphant. nf the (Tniversiiy of Birmingham, frughind, to 
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i hi- 11 r 1 1 i three in mn nf \tomiiKnurgy in 1W43. lienaiifte of 
iviu i rm. .siMiirily restriction*, thtt proprsfial wuh imt published al 
I h u lame 11 is reported in a rielnil-pfl drtfjgii study hy < JiplianL 

..Jen,. an in I Hide published in LlM7 B tt* « hmpaoied by m 1 lie- 

irtTlkni Eiiiuly>ijc iff nrbit Kt ability hy (kfoiteiit .leiuteri, and 
Hiyrnnmh \n iwwlemlnr fur proton* nf LSI Be\ fu-ltawing. 
l lie. -i clrHiiMN Inns l+opn under eonxl midiun m l lie 1 ' niifirsily uf 
\M rpinn Rhiim i'i> r srm ip y<ui r.- Pmafc-i^nr t >1 iphnct T ft ivi urn to Ihh 
iiji 1 ivr- Nu^M'ilHsl uni the uiUiinely death of Hr, (kisdnip the 
< liir fc l srif'pM isl ni l C hi- propyl, slowed pfifgTVf&i l.mvmrd rtrtdjjteiifin 
■ h! (In:. insHiins'. whiHi wag Mu* ln>i proton Hynihrutrun lo iw 
-i:^i.-I I lWmisr 1 nf < hi>= thirty start, the baxii- nittgnel denial i 
was ip r/v\\ ci m it iniHniflinri urdwd hufpre improved dfifflgn 

. ..epi* developed ila the railed Static muld tie iiinicjKjrated, 

il m] n Icir'ks Hiinr nf the idvimtagenufl features of I lie I utter 
ll.iwevi-r, ' iinsiriietinii is noiv eomplpte, and piy limitmiy opem- 
Eh mi ;*.! il '.i Hi'V iv a- reported hi <ln- summer uf 11153. 

Mnnn while, the prion pie nf plinrt 1 sdiibdity ill aym:hrminii* 
;iiT-!i-r.On!> U:n jiniimilH i I by \Ie\ 1 tllan fi aid Vpk»k , ] |C in M-l+n. 
Hum prhnoph’fc In I in i Ilg^ development n-F thci Bynehnieyedlrnti 
arn! iij ihr I'lnt'lnm m-Uroimu, mi 1 iir’ Lniventity of California 
civ11 1 hi si- vend other Inin amir iriei*. Both ppperu rIntwril h■ iwn 
lei-bnii11 j i -i for .-yiiel inn inns iwrelemtioiii involving tfie iwr of 
firniiriiey tmii fnhil inn fur bem\ partin]e> nr uf elm imveu.silTj* 
mihi'i ir>i i> hi "If I fi.nr nleelmu*. Both papers ulasti iiirliidtf I he 
|I> I’- iliilily III urrelemlinn of prill nli> Jit eoiLwtElllL imlhlH hy vary¬ 
ing hilt h fniqueney cun t iinqpiriie lie lit. hill neilhro 1 paper ww 
primarily eniiremed with ibis more cumpltaatad applies rieu. 

Design studies for prolan syrittbmtronft in (he I nil r-i I 
,^l in ; star!i'it early iifc LM7 in two lilhoifltnries Hiippilrtlnl hy 
11 1 -■ I > Amntii t hurray L nirvini^on Ur. \\ M. Hiof»eek. r 
of ihi- Uiriversily nf CoLlifnmiu Rtatmtinn lititioralury, icmile ji 
pn-liiUTiHiry repiprl of a [aisbihle drsi^n for ISM lev prukina in 

wliieh waiis primarily si study of the praeiirnhility of ji 
pui-i-iI power supply for the Large rhiti magnet rr i quim:t. The 
hi line hevjiiroti was [Sfiveti tn this lailllcih^lei 1 1 mu ~vul t nei-filpr&tnr. 
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Meanwhile, preliminary dfcirigiiH of u similar accelerator 
weiv started at idle Broukhaven National Laboratory under the 
direct inn of thy writer, on leave from l he Maayiehiisetts Jnfili- 
tufce of Technology p as Chairman of the Amolerator Project. 
The stimulus to start (his devdopmrtil came fro in I'rofnsis-or 
I. !. Itabip nf Columbia University, The curly Brookhaven 
plum* were reported in paper* by Liviiigplurf 4 and others lwfi.Hr 
the American Physical Sotiely in HMS. As the design ap¬ 
proached [HJuipktioHj rulfiiBmjjliuii was published by Livinj^ioii, 
Bkwflltj. Omii, and Haworth 30 in January h 1950. This machine 
wiss soon given the laboratory name of the csosmotmin 

Both the Berkeley Radiation Laboratory and Broukhaven 
wane encouraged in these design atudien by the Atomic Energy 
Commission offiiiaJs responsible for research and development 
of insTtniments. When preliminary and aM estimates 

tjeeame available in 1948 P a derision wm imide by represenlativEs 
of Ui« two JidKastories and the AEG for the constniL'tion of two 
moehirtes* at 2,A- (u TO-Bev uoamoLi'oli at It rook haven and n 
5.0- to ILQ-Bcv lievatran at the Universily of CatlfortibL In 
both laboratories teams of scientists and engineers were as* 
wnatied to complete designs and proceed with construction. 
Many of the members of these teams have contributed im¬ 
portantly to iho designs, tuid ttie results must Iju considered the 
products of the joint efforts of a large number of mdividiiids. 

The HrookhctveiL eosmotroii was first operate! in June, 
1052* and was rapidly tuned up to the rmudmuin energy |sratdble 
with the available power supply of 2J3 Bev. V period of en¬ 
gineering cou^slidacitm and "biig-ph king" liiuught il back into 
ope nition ttf (he date of i he dedication «vaemonh^ on December 
35, 1052 Operation at lhe maximum designed energy of 3.D 
Rev wm amiminrnJ in early 1954. Atrmlh^ tend jxtasiliLy year.% 
of further improvement cun he espwrted, following rKperieiK'O 
in the developniem of other inwlerators, However* es|K-ri • 
mental use of the high*energy protons in already under way* and 
many arieislists at iSrooldsnveu and the nitrrouitdiug urnvenaLips 
are engaged in the developmecu of detection devices and in 
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perforining ^prrinir'nl.s with ihr radi&thma coming £rf.mi the 
machine,. An unusually niniplctc description of tile filial *\p- 
emting rrinrliLTio occupies n full issues of tin: Ncvi ne r*f Scientific 

f Tf^trtirimiix.^ 

I'r-iifi'^snr Ulsphanf," announced plains in 1000 to bin id & 
pro!un synchrotron ui the University of Catik‘rra t Australia, 
in n-iu'li 1W Bey energy. The original plittis were of fipedfll 

I tn hi ill iL flyLiclin^yi.'UiTpmi of 2iH) Mev was. lo lie used 
:ih .suiiire of imiH for nn "aii'-nornT' synchrotron around the 
periphery, i Jliphxuit railed il a ryBb-aynctolmn. No in* 
formal inn bos h ■ n published Lieyond the prelkninory report 
ttrfercneed above, but design and eonstruetioii tire report wily 
inii|i-r w/ty on several of iho eomponents. 

6-2 Ptiudpb of Operation 

The principle uf operation m 1 -uni cully the same an fur I he 
derjtrwi synchrotron. A iixed orbit radius is lined. inid a ring- 
■fHifHMI magnet pmilueeB a magnetic field ncrosn a duiiglimii- 
-fi:i.[ mi| vu miiKi elnitnl ht eut'loring Elie orbil,. The maguel-ie 
field IncreuM with time w* the protons gain energy to maintain 
■ ■utittftitil I ui ui radius. Ion- are injected into she orbit a l low 
energy when the iniLi*;i il- ti» field is smnll. Energy in supplied 
by emi ;i' '-eli'riitiii.g etei'trie field applied across a gap at one or 
iikpfv points in the orbit. Blit u id ike elect runs, which approaeh 
i he vdiMMty of light at relatively low energies (v = Chlifite at 2 
Mm i mill «,. 1 111ve ao t^sentkilly constant frequency uf rotation 
during sir w legation. | mi tons do not rwwh ruiustaut velueity 
until they Imve much higher energies (u = (UJ 8 c nt 1 Bev), m 
their velocity and frequency nf rotation increase during ihe 

II dire acceleration uitemib Tin? applied elect vie field muni 
tiyiirhnnnue with the ion rotation frequency. In toe proton 
synchrotron the frequency roust Is- modulated over a wide 
r-mge (ahead l 1 o H)) t determined by the energy at injection 
and the maximum energy, This requirement. uf u variable 
frequency accelerating voltage introduces new imd complicated 
Le<htiie-d |h'i ilil>mis in the design of the mvelrmdng Eyslum and 
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of ihc ] k i k. 1‘1 -frtrcji h ■ 111 ■ v OKailtetor. Furlhermorc*, there no 
mitnEiial ic sfnbilistnl ion -M a lived frLKjui-rti-y and urbit rculhi* n* 
in the clnctnmi _hvi ichriMrini, but, to naiuilam the curort nut orNl 
radius, 1.1 m frupwiiK } 1 must 1 hj pn grained or imritrolh'd °M wh 
inslauL to match Ehi: mbrlion frequency of the juris u& tJn\v liuiji 
hi OBHrgy\ 

Tim samcj lypr of jjhiiKc* focusing heists ns in the electron 
Hyiichrutrurii which bunches l.he pariiele* ubuul an equilibrium 
phase of t.ho neOelcrtilirig tm liehl. Ji I he i frequency 

is correct* ifie pm Urns maintain a eonste n 1 avorugu orbit radius. 
Ikii nil emir in frtNpinncy wit] cause Ihe btiMi'h of particles to 
Kill I l energy til si rule not I'omput iblr wirli tile mcraising mag¬ 
netic fiehh and they will spiral iinwurd nr outward urul be lost 
against lfie unite of the rhumljer. Tin- schedule of fre-quemiy 
i iuhSuIiiLLlUl required does not follow any r-iii'i]iU- law I ml i Ir■] jc-i j-i- 
on the time rule at iiKTftase of ihe magnetic field, which U iiselL' 
a function of Lbe i'OibstJiiit.s of the [mwcr ripply urn I the proper¬ 
ties of the ulUgnel iron, rio tiew problems of frequency control 
art! encountered* which are unique lo l.he proton synchrotron. 

Inhs are injected into the orbit by ulIi mi^iliary ueeHernlur 
( bat produces a short pulse of part idea which are .>.s well defined 
in energy am I as- dowdy collimated in direct ion as possible. 

I >l■ v tel inn* in dmtcUolL, energy* or liming of the pulse sil Injec¬ 
tion result in o&cUtelinliS of the purttuteH about the ideal circular 
orbits defined by Uie puriide energy and the magnciic Held. 
Tlie ainpliludc-H of them* free osr illations. specified by the condi¬ 
tions at i iijori a a a determine minimum dimensions for Hie 
vaninm eh&mlxrr iuul of the useful region of magnetic licki. 
hoeUmjjg forces to produce ainbilily nr** supplied: by a radial 
dcenjnsit in nnagneric Held, limited aa for itie election synchro- 
Imn la the muge in field index n of 0 < u < I. The avtirugc 
value of n nnniiid the orhil dKeniiiciE's ihe fivquein \ nl (he 
nicliul and vertical fret* i-MMlIaliiuis. I’or (lie range o f ^-vulucs 
used in pmcliii- (0.G < h < 0,8] the frpipurips ai'e in Ike range 
£L7 /, to DJ /„ where/ M is [he. orbital frepuf-ncy. lltese fwjllu- 
tioiia) are strongly diuuped Lii the increasing magnetic Held. 
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VMyuig m uniplituiji- with K' h '~, So Uus dilmniKauu.H uf the 
envelope the ifjfis are mdurvd Ui u Una I itus* sertion 

"f it feu- Hjiittm wntiiruttcr^, 

fiKr-ilkitiiMwijMi-ur IJ> the pluusp at wltirh purt ides ctu^ the 

■ itTtiiinjg $rp p anti tontesporHiiflg q^llatfawa in exueqgr art 
Mi(R>run|ir^l -m tin* stonily Uit-rai^ uf energy wiIh (Line. The 
h‘bm-iu;v x nuEiiicHi rratiHs in mdinl plifiH- o^llutiuus h<» that thv 
ui-.i.niLkiiLiMHi-. urliii f-?r fju‘h parii'-ln expaiidH and euiitruetsp 
term I --it up! ui.|igllibrium urlsil. defined by ihu applied fre- 
i^iUUH-y l^iutttionri h*r raiiipntuifC the frtnueiiey of mu« h pluift- 
iwdlliilions urc? civets in (‘hap, 2. This faequonry h uf lJm! order 
nl Otll f at the start of anti QJKKU /, ait maximum 

iitmrjry Hhis moans that t3tfi particles require client l Of) ml run 
■ *i the start ami 10,000 turns at high energy to n phase 

nnillalmn. Some plutge clumping wo-cura during ftrrf'IeittfHin, 
Hilllnkmi (u ili-i-rcjis^ the azimuthd extent nf the bunch nf ions 
in uhotii half tlir- rmpiEiELl h] arr-ii«L. Meanwhile tbr inejnD&sihK 
tii l-l i '•• 1 1 l< •i , .h I hi- rnihiU jil ijl>- ■ amplitude to a bruit uncM-wuntielh 
iif liir mil ltd value. 

Tlii' iimcui't i.- powered with a pulse which gives a riKt- 
time lo maximum fifth 1 <if jlI unit 1 e wc r thru, is reduced to ram in 
iin i'*\u.i] interval. 1 1j tiii tfet u ‘ 3 1 nmximum Pftprgy at i \lp prjik of 
I hi 1 iii?il£.i nt ii-yi |iat whiiih lime they aro jLguinsi u 

Irirum rsilhfs aru rejieJAted often as dedriHl, limited hy ihc 
r:il li \ ha nl I! 11 r pruver supply. 

bJI [ 1 «—.1^11 Frail rirr* 

The untsmotroTi was the first proton uyndi:rotron to be 
uiiiikph-trd, rkin| imnh more m formal km concerning it is avuil- 
iddr th:iii fcNr tin- ljevalron or oilipr iiuiphiiiftfi under t-utiEftmotion. 
A r«nn I indy, 1 hr- dearriplinn in this uhajik'i of r.he ditneiuiious 
mill ili'Hiun parameters rtquirad for a proton fiyiielirulruu will 
refer In the ruHtuntron, The auix-esslul fipenitiau, with n inifii- 
niiiiH uf difTiutiltipfi in timing it up lo high in tensity w&rnnita 
i imfniuiicy ul ihv ufTwi i vent^a uf ilie ikiHlgn, 

Th n i*ektt¥istTp relation parin'It kinetic urn-my 
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T, magi i* tiff Hi‘liI 11, ;iiir| orbit radius It is given (Kq„ 2-fi> by; 

T* + 2E 9 T = eV/lVf* (6-1) 

When T hjkI t\, ait* expired in Rev units aiid li is in wrlion? 
per square meter (liniLU of 10,MX) ■ (hr- rtulitUf ir givetj hv; 


» _ IT(T + 2E3f }t 

ow 


m 


m) 


The first pflreunirtfr to tie determined is the Hnx density li. 
Imn-mml magnets have zi practical limit on ihx density eel by 
saturation or the iron at roughly 18 kilogmus? (1.8 weliera/W 
Laminated magrnHs, sudi a* sire iequind for puJwd apeftkluin, 
have other ptijmeul limitations due in eddy «■ iiri-vo.t s. liinunatinti 
inmilatinn, and space for damps, whkli mt the pmeticat limit* 
fftfl] lower * Tm th* ramotron hum lie* of liunfentmt^ sire ar¬ 
ranges! radially annind u Hwtfe^ leaving wedf^-r^mpcd apace* 
between bundles at the orbit. The average field in iim gap 
between pnk-s 1ms a maximum valtn- of 14 kilngansK, Al ths* 
average fir*b I «ome portions of the iron dmiil, have readied 
saturation. Alternate iforigiui with closer packing of the iron 
might result in higher Reids, but would involve a mom complex 
structure. The designer's ehdce is bawl on mimmizirig mst 
for a given US value. 

lilquiitiDii 6-2 eiui be iievhI to rul dilate orbit rad tun Fur the 
desired particle energy T r n,nm tin- p-Heral design fratinvK nn- 
established he li. I the maximum valm* of B m known. Thr nrliii 
radius was found to be 30 fl For TCt-Bei, |H"1oiih at I I kilugzuis* 
for the msmotmii. 

As the design studies developed it beruine evident dial 
there were several njflsons for providing M'grmml* in the orbil 
fire fmm magnetic Reid. A design of :i synch mlnun will* 
straight st-diuna between two neraicireular halve* ihf a ring 
magnet, called a ttwo4mek + had been pmpf.ml by f and 
analys'd theoretically hy Dcmnaori and Berlin pfJ For the I 'ni- 
vrreity of Michigan dent run Ayridimtrnn. Iei rhin miiilvsis il 
was allowri tlial two ^mmrtriraUy plitecd shorl gaps in llu- 
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Field would nut muse defoDUsbig nor set up eacoessive 
um rKurUIjiliiHi-H The stability would be c\WJ better with four 
or morn ^tfliEghl ^Eiiions. ritili higher-frE?qiieiicy angular per- 
1 11 rh i-llE ioai» in the held sudi as those caused by magnet |jumua« 
tiontf or bundles of luxmualinii£ would have uli unsignilirant 
offset on imi oyrillnlktfte. So u design was chosen, Ett Brook- 
Sum 1 n ultd uIho nt Berkeley, in which the uirEsnjur inugEict wjih 
spaced into four (puidnini^ jauittj bv straight sections free of 
magnetic held. 

A lkld-free mgion is esMiitiid to aceommodiits the type of 
induction jLCoetemtor uued in the co&ruotrtm, m the tuned 
cavity used in the bovalrou. Another is required for injection 
of the beam of proton* from the source. A third m used to 
house pickup doctrodes to detect (iio location Mid the timing of 
the rotating ion bun oh, The fourth section is aligned to insert 
target# in the internal beam or, eventually t for electing mi 
emergent beam of Jiigh-energy protons. In the bevatmn the 
fit raisin sections are al m used as. manifolds for the vacuum 
pumps on the chamber. 

The rboico in the coemption was four 10-ft straight see- 
ticmn, Iwtween quadrants of 30-ft radius This length is ade- 
*[imw tii |■!.■ ill *' a lirii j-fm* region for the induction accelerator. 
Figure tbj shows a plan view of the machine illustrating the 
•l-qiirn i rant construction. 

Ions are moderated to 3 5 to 4.0 Mov in a horizontal 
Vim dc Gruff elactTortatic generator for injection into the 
cosmntron nr hit. This generator is produced commercially by 
the High Voltage Engineering Corporation of Cambridge* 
Miissanliusette and it gives a weU-foniisttd beam of protons* 
pulsed to high intensity for a time interval of about 75 micro¬ 
seconds, timed to overlap the desired injection time interval 
vrhr ri the magnetic field has the proper value, The ion source 
is the high-intensity TIG (Philips ion gauge) type developed at 
the 1' diversity of California, It. luts a peak pulsed output of 
:i I tout 3 mn of ions, of which about, one-third consists of hydrogen 
iiNuiiir ions, or protons. The accelerated beam is analyzed into 
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rrompD.iwht.-H liy si magneti* 1 Isold which didkota the protons h y 
Ilu? ninsa-2 hydrogen mokcuko ions sure!- deflected it 
aDLallet uminiMl und f[Ll] e»h ei pair nf 4*|i'i InwJi^ whieii ;nrr nmkll 

btt amt-rtf the eofcmii mirrent to the gi.nitor tmmnd ami hi 

Uj regulate voltage. 

Tin? analyzed unit fooii^d beam of girotOBS in iujeiij-d into 
i he oo&mot rou at une of flic .-,e might mud Uy i lei iru^tatjr 
iJofieeLum Iwtvveeri a [mil* of curved fffetoodea -p-i. r-l in, 
apart., Tl m;: Imuu iti drfiemd through ah unde of 30® iiih an 
an: nf 10-ft radium of curvature by the rlnetrie IjcIiJ, whirl l 
rcquin-H il piscntud difference: n[ about 30 ky, The mfleettir 
electrodes im. uu.Mirile^J oil guide mils with *-n.w adjustment 
available from outside the viiriiutu i‘tuun^r p m the vertkid md 
radial positions ean be set i• ■ miy desired value The must 
flatirfaotoi? past ion was fciuml fn W on t in -median plane at the 
extreme, outside of the useful region ul mogntfth- fhrtd, irn m 
orbit radius of 372 in. to the Uk-atmti of II = 1,0 

at injection time. Small deviations m prutim energy i »*r in ilir 
inflector held result in angular deviations at jnjrri mu Sinter 
mistiming of the puke vlluhps raiKiikmimciit with the 4 m guiJLI >i him 
orbit, these par-iimetem are ftiljuslerl by the operator to give 
maximum beam iiit^naity. 


fc OENEHaTOR ~ 



l |i TC, &-L Plikii ymw of coamotriiis magnet, mid UHU&bly. 
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I J Liri n'k' oHcill Lit tints at injection hare amplitudes dcler- 
mi 111 cl priimi nJy by tl ir Lingular divergence of the l>eam projected 
from the &mrw ? but may be increased farther by magnetic 
irilujiiKn^iiii'ji it-H or physical distortions nt the urliit from sym- 
11 wA r v ^ l Tt i vh 1 i w 1 1 till k u ] ampiiiudes 11 my i 11 cyrcaso if I ho mag- 

uei.ic modi an pjhiiioi l I h :n M which rho oscilblloxift are centered, 
deviates from i ho gfimnclrif center of the magnet gap. Initial 
mdiid anipUiuiLejidopenid Wrongly lui the rime at wttfch the Uvmn 
is iujoi'lint Then- will bo no instant at whii-ki the orbit radius 
fiir pari if I cs of injection energy will tie identical with the radial 
Waliuri nl i f m 1 in jin tor; if so, radial nsiaiHatipiih due to-angular 
dive racing will be centered about this circular orbit. At any 
hirer tin it - lire equilibrium orbit will be HTdalter, shrinking inward 
an nmgiicl.if Held increases. Tho maximum ulJuwubEo deviation 
in 1 iniv occurs when the: equilibrium orbit reaches tho venter of 
i lie rhamlnT. Efridial amplitude would thou be equal to the 
full hair width of tho chamber, and purl idea would just graze 
I ho iiinor wall. However. additional radial displacements amir 
r*^ l he pari if Ins develop phase OHcilLatiang, with an associated 
radial hhift from 1 he' instantaneous orliii, so iho rime interval 
ha :n (opt mi Mi" i?r reduced somewhat Im?|ow the above maximum, 
t hoirc of fhiindH-r dimensions requires cvnluut ion of total 
"^■ilbiinm amplitudes, an! in pi kiln a tho c fleet of errors in beam 
energy mid direction, including a suitably lime interval for tho 
injection pulse in provide adequate intensity and allowing n 
ri'aforntblo furi or of safety, flip decision of like designers of the 
ei^rnr^lrori Was to Hjserify jl magnet gup of height and 

lii in width, ififiide which jl vadium cIiiiiiiIwt could be located 
1 1 :i\ lug u useful aperture of h in. by fill in. This Was estimated 
i-I allow* a Hifotv lac lor of about ft in both dimensions. The 
juslifietitiotl of this choice? is m Mse results. The observed b$&m 
wn> found require less aperture than the r hum her provides 
and di lining slits which were install#] temporarily to reduce? the 
vertical dimension to 2 in. weie srili sufficient to allow a fraction 
of thfl I Kami to be accelerated 

The time of acceleration, during which the magtaetk field 
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iimrensea imm about ttnfi Jo I t,<HM_1 gnttfa, is a basin parameter 
Which intlinvir.T-s many cither design constants, A short rise 
lime doorcase* I Fie* average power consumption in the magnet 
i] jrimarily due t• 1 hotel developed in ilie windings >, hut refjuin.'i- 
lii^fier applied voltage nu the inductive rriamiH toils and ?n 
increases thi ■ f">nk kva requirei tie nls of the generator. -Svatter- 
i«g b.v resiiunl rm in ihe eluuuher is reduced hy u short rise 
l imtr. IV volts per turn required tti the rf modeml ingdev irk 
fluid depends directly on the rule of rise ,,f the magnetir held- 
Cost of the rf iwodenitur unit increases with a high power «t 
vulis per turn, primarily iifimium of the wide range of frequency 
modulation also required. The rb* time chosen in the «js- 
mntron design to Iniurr them- several fm-tors is I II sec, d- 
though cm allowable range extends from O.S in 2.0 we. 

The repetition ran- is Limited hy the average power rul ing 
of the magnet power supply, nnr[ by the coding system used for 
(tie magnet eoils. The eliief advantage uf high repetition mte 
w the iiiLireaae in the lamt-average K im intensity available for 
experiments. Tn (he crj-smot ran the muguef cycle. consist* of j.i 
l-Hte rise, a I -see full, and a 3-see rest, gn pulses nrr- repealed ut 
5-fli-r intervals. The high-energy protons are ejected or directed 
rignitwl. a target at the peak of the cycle and are Available during 
u burnt of a few milliseconds duration, which i nii he stretched to 
alrtsit ,tO metre' if desired. 

O.f The King Vlagnel 

Tlie slutfie of the eosmolron magnet structure involves 
several unusual featured. It is basically a (.’ m-liou villi mini* 

mum size '‘window" for Hie winding.-; .. . m r| K . i simple 

was influenced hy flu desire in provide re:, ly io ihc 

vacuum nhtunber around its entire outer [wriphery. Chamber 
assembly. mainfoimiui*, and vacuum luting cue greatly simpli 
lied, tunl pumps e,\n lie Willed as frequently as desired along 
the length of the vtuimWr. High-energy ions ami (leu Irons 
emerge l anger dtally front tin- tn-eelemtor around the circumfer¬ 
ence, with only thin windows in lliu chamber Wall for absorption 
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Fia. Ci-2. CrcMfl amtlaa of C> magnet emd Assembly 
of M-ui- plates iut&j block*. 

elm 1 1 sent leriu 11 trf 11 ir rm I hi turns. The poluless t" - shaped tm&i i el 
Eiinmit fi i'ls minimum iliiuenwioci.H tind weight, nnd requires only 
twn rwnumtdy nun'hi rued Kurfjift-a (thu pude fares)* The actftg- 
t>iirLI miiut shape is li compromise achieved by cutting uLT the 
iwwi'H of Ht |ii t in * plains in nuitiufiidftre. A view 

k- .shown in Fig,. G-2, 

The imqpieL is eorLutftii'Sed of J d-i n. hot-rolled doft iron 
jj]jlN\ wish piijMT iMMulLLtioiL hlvm-ii Iftmin Mimw to limit eddy 
i'UiTrnt-. C'iiknlntidlis nf the HTect nf *tlrij + cutreiila ult field 
in iLI'i irraiity iji ihc gup hIicwwI that ii-iir plate waa nalkfscUjry 
for the - hr^n mtc- of rise of field f averaging M kihjgnuaa per 
smuul during the pulse^ The luminal ions are Blacked into 
bundle* n-f twelve (about. 6 in. Lhiuk),. weighing about ft tom 
. li, for bundling and nuuihimng. Each bundle ie formed into 
n & di-ri unit by ritraps welded &c?Qm the outer edges of the plates. 
It should lie noted that e^ntitdJy nu magnetic IUlv crosses 
tilths asternal welds* and* therefore, they do ru.it Increase eddy 
tmiTcntfl significantly. After assembly and welds ru; of the 
null 1 , iitii; 1 1 bundles, the pole faces Mere Jiiarhuied to the preintse 
ilimenmoiia determined by model Seals to produce nn n-value of 
(Mi iu p timh the gup. 
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Oij delivery each 0f (hr - J&8 magnet unit* w:ts put dirough 

mi exhaust iw magm-lir tent pnpim, to determine dm n-value, 
lln- location. of tile magnetic in,-, linn plane, dir remanent field, 
ntr, A lart'lnl sorting and Uiluiu'ing pnjmhm? was used in 
asuipi u 3 t’t|in:iiii;il under ;imtmd the "i l'it, I rood «n rmuirlJiut! 
tin' extreme ileviatinrih ami obtaining the moat tine-grained 
djs|riIii.iii■ ■ 11 possible In the inhumogencitKs li jg estimated 
ihiil this prueeduK reduced |Ju« effect of die i n hum ngcu^i lies un 
<|BCillation amplitudes hy a factor of H Mow that which would 
have occurred with random storking. 

The excitation winding* f« r the mognei am located ;«* 
i-lofif id the magnet gup tut pmseihle. tine cod is located m the 
ftliil. ot the C '-nnagtiei, and a divided return noil i* placed alitivo 
and Mow the gap around the ntilsijde <if lhe iron, Jn principle 
a single Hiul winding would lie ftuflicuml lo produce the denn .1 
tield iri the inm. However, such a Mnglc ■■■ ■;| would (iradiHc 
large external fields in the stir nHlaide and inside the iron ring, 
which would incn'4ise the ntuml energy. The return winding* 
nerve die purpose nf routining die mugurtii field elntvJy m the 
gup Mivren pules mid within the imii magnetic circuit. 

lineh quadrant is wound M'psmtely, with n tntnl nf 3* 
(umfl, The four quadrants jm.< lowered in series trv obtain 
ideitthtal currents Tin? conductor* arc heavy cupper liars, 
farmed with an internal ifetuH t it rough which water i.~ eimi* 
Ittled for cooling. Kfu-h bur of quadrant length la ben it oil ft 
bus water rnuimr lions at each end The water fouling for the 
■ M » burn of each qundran* in supplied in pa ml Id from water 
manifolds, through lengths of plastic In we r<. pin vide insnltO ion 
The water is pumped through n heat cmelianger and a purifier 
system to maintain low electrmnl roiifhiniviry, with u flow 
sufficient lo restrict temperature ri.se in dm water in toss Than 
IOT. 

niuieiiHiunsnl' the condtn-lnr* in the slot winding are made 
a* small art practical, in order to fit within l he narrow slot , The 
return winding* located uritiddo the magnet do nut have a*, 
sevem space limitations ami am made of) '% larger■, 

f'hid connect, inns joining the slot winding mnl dir- return 
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winding ft i'l : il rk t wja 1 *: ■ r-ftx lie* I A fori nc^;l w i 1S i si I reM1 nijfcl right - 
j111 1 1■ ji.fti iI.h ni the rumors. Heavy tiltkmpa lira itsd Lu holtl lift 1 
i:<mdin:hns fmin duflisip due- to magnetic forcta?,, and GLUT springs 
U'lwnt'ii Ljuts in Hu - end rimnectaonsnllow takeup for t^jKttt'siun 
Juft hi iug. 

The puwtjr supply fur lift? magnet provide n pubed ell Trent 
ri^fe 11 u; appraxiniately linearly with hint? for 1 fttH\ then drafting 
Ut zrm sin rapidly ns possible. This cyelu is repeated at S-kch■ 
IilI urejils. At 1 \ kilugmi^ in the magnet gap* (hr ioud Stored 
energy in the magnet is 1.2 X 111' joule-H, while the heat rli^- 
si paled |M!r ryele is about one-fifth I Ills amount. A method is 
required which will re-taw the stored energy. The technique 
i lin.^'ii is lo u jl mo tor-fly whtsid-pnerutuivrtx:tif5er System, in 
which (miTgy is atom! in lhe flywheel to provide jwver during 
i he pulse* ilniI ejficias magnetic energy is returned to ilie fly- 
ivhiM-1 lnUWmi putai% The au- generator and iguitron rectifier 
buiLrhk inn ruled for the peak kvu load required for the pulse. 
I Ills requires a nominal fating of 211,1300 kva for l he generator 
The flywheel is di^ii41ied lu store about 10 limes ihe energy 
required pnr pulse, so that hs speed iw reduced by 5% at the 
(H-Jik of (lie cyete. The motor mil bring the speerl iw«-k to the 
urijjptijil value iii I he interval lietumu power eytdes^ making tip 
lift 5 energy dttvipaLtfl in hour II is ruled for the average power 
iIrmaiid. In npuration, (he l tank of 24 ignitruna in a I2qi(iaefc 
rinnit have their grids coutiollod to rectify the g&neiator output 
and apply il. In 11n- magnet during tho 1-we ftCBefoiation interval. 
The ignilions are then switched in inverter twiiton la return the 
stored energy in ihe magnet (less heat losses) to the uliernator- 
MywltL-r'l during the following second. 

Choice? of voltage output for tho generator llsea the tuim- 
Mt uf lurns in ike [juigmU winding. MaJBtfsH-i urrft si 1 1 vised ft 
rating of aboul HOOD volts for a generator of I his rating* which 
will drop by 25% under full load. Number of turns can lie de¬ 
rived from tins fdatsOE]: 

V - iV ^ + A T *fti/ 

dt 


,„;v 


112 


111 GO 'E X KKU Y A CCK I-EHATOE0 


where R,i ib the resistant uf si 1-turn winding, and / in the cur- 
rent in (.his Mum. 4 he toted magnetic flux (mduding the stray 
Held) and the rate of rise wii h lime were determined from magnet 
model U^ts. Coil iliinoiiflbiiji dptpmiinc tie mristanre uf the 
eoil, and the ampere turn* require] wore nbtriinrd from the 
mocle] studies. The number of turn? requimJ for tin mionotrcur 
was found to be N = 48 Uum 

I ho excitation to pnsdui'u 11 .tNKI gmifis in fhoftiagttetg&p 
™ fonml to lie given by \f = 3 3fi X I0 5 ampere turns The 
peuk current, yi the 48-turn eoil sh jf = 7IHX1 amp. Resliitftiitt 1 
of the troi] proves to be /l 1 = 0.14 ohm 1 and i he uiductAncs varies 
during the eyrie {due to 11• variation In ]wmteab]tity inf iron) 
from U.47 henry at the sinri, to jl maxi nun ii of 0.81 henry al 
1WW gauss, and to a final value - 4 about (1.25 henry. The lime 
oonstunti of this inductive eircuit \& of I he order of magnitude of 
4 See. However,, the actual itiru^uehe field riM" ndinoar, 
at 1 0.5 kg/soc and fulling to EJJi kg/per at 1 wei 1 , The 
ihiic.y. . for voltage and on mm di,*w\\ in Fj" ii-3 is romjnilwl 

Walls 
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h'atn the magnet properties. The rate uf change of magnBity 
held r/R determines the uuceis&tiry volte ]Xir turn for ar- 
ccl«r^ticm r which b shown in Frg Li-i ns a function of time 
during the ai'i^ienitiiig interval. Also shown hi Fig. 6-4 is 
the frequency limr- rvi l.' obtained fnnm ilic> srmgTietie field- 



Fid, ft S. Ion rotation frequency snd ft^celoroling 
voltttfd turn rrcjni rrad during nr*colemtioti. 

fr*5 K ml iu frequency Accelerator 

Tltc average energy im-remem required to maintain ics- 
unauce b n\um\ 1000 cv per turn* About twice this value is 
provided io allow phase oscillations ixi swing ihrptigh their full 
nmge of sl.'ihility The lUNT-lerriririg potential if applied rtciros 
a gap formed by n short insulating sect i»m The requirements 

an-, the.. i f volhige synrlrroiiiised with the i-m rotation fjv- 

iiueticv which 4arte id about 2400 volts peak jiL O.SFi Me and 
H- vLi-i mJh in a bull 1 1400 vuHa peak at \ .20 Me following the 
rroqiu-riciy arid amplitude schedules shown in Fig. 0-4, 

These areolc ruling potentials are modest as txjmpjired 
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with thnse used iit evriol mus nr other rrtfmmnre Ew^d’le-rittorH. 
But the wide ranp of fru^UGury variation, by a fut-i r>r of l:i: 1. 
elikJ the rcquireineul of following airLimltly a predetermined 
schedule, an- imii[Ue feature*. 

Thp iwi'rlemfiiijE dyzitan for the rn:-mo1 ion iw i-j^nt, hilly tt 
rf LriLtmfcifimer, A rertoiiuigm-lii 1 rtjre sumnimla iIn- particle 
orbit tkl« one of thr straight nation* The core nuiteriol is il 
ferrite elureen to have a lisefui anagnelic jjemeaibility :il fre- 
rjiatim ir^H up tro the tlirixiiimm of 1:2 Mi- Power it* fed to a noe- 
tum primary winding from si limad-hand rf amplifier driven by 
an Oaeilklnr which Is tuned over the frequency eyrie r ]’Iir- 
IJflriiHe orbits eau Up visunliiMnl n - omstiirn ^r-ftiiilfiry winding 
linking the transformer cure Kuril time a particle traverses 
tfl* 1 cure, is iHprritifrxw -HI ck-ilriimui ivr Inrvv equivuLeial lo 
that which would obtain in n ono-tiim serumbtry winding; uf 
live 1 ! irimjsfarmer 

l nut her description of l hr system L«c sbrii ir 

-Lii itnlurlinn accelerator^ dop. Uhl on ih«- timi* rate of chatter 

of flux linking llir particle orbit, uj* in i.he hriuiron. During 
most uf Uh path rhr- proton i* within ji grrmriricd inHiJ vitrumn 
chamber. f>nly while it is iraveimng the inm ilaririg gap at the 
lamtiun nf I hr- flax mn* run ir expiririiee rIn elect rumor ive 
fores- The time rnte uf i-hour- of fitix within the magnetic 
rare bubing tin* urhil til the mKlnnl l,bo particle i> rm^inu Mi-- 
mp rielermh ir> the nhjntrnrafltivi force and m flu- energy :i r- 
'■ pim^il by | hi' pur lick- In thin scun? the ferromagnetic rum 
Jinking the orbit is equivalent ti> I he flux rure in n Iselstl run. 
J’lie distinction i* Mail protons in u coHmothm i vprrienre in- 
lILvliIisjlL meclemliuiiH, mire <wh rime they . r.die grip, 
whereas in the betatron the induced elcrlromnhve force m 
maintained pAcadily around I he entire nr bit, 

A third way nf describing the jmijrtjrfiea of the rf ur- 

cHenttor is that il \s i^uivideril to u cavity ren.I nr bi-avi ly 

beaded with material j il high magm-lir |NTmeaddhty :Mnl high 
F.lidtMJtric eqn^tanf. The mvity in the eojifMT ahivM around the 
■ i>ne l itm.1 tin- putenrial is rlevelaped the inmilaleil %h\y in 
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tin 1 v;it r iiniiii rluunhcT. Tf ii were iiir ftljrrl. this vuvlly would in- 
ri'KiJiiuil ,-n [nsi Imj.li ;l rn i i|iicr»!.v iHv:uu*e of 1T3 small rliiwn-Monfl. 
tf limded with low -tns*. Eiigh-dji»liHitrie isiuls^rlitl r tin fun 11 n■ 
^miTt^r-wuve ri'sniuilMi^ iujixI with elral rtm tiymhriitrfmti, 11n* 
iTHituUil IVi L r^ii j [i! y would l*r lower* hut ihe iiTi|-n»iLiiui- would 
also Sw low Jit re-sf man re Hur when ItHtded with fermmngiitfLii! 
iai:it fiULl, tin* nwuiuuil bin jurury redoem] In a value —nuiIU-r 
l.hjLn the orbital fr^Ljupmiy. Tlie euviiy iw broadly jwiniml 
and luih HiiHieiently high kopec Inure that it ran bn <3riven at 
fiwiiLnliriejs Jar oft its rTwiiukriuts 

The rnrr materia) a fprrnmitgrittir ferrite, whhh ll 
seminirwjinitijr with rmirinHivity about IE) 1 I3t:il for metala, 
-n <aldy i LUTDTit limitmtiaiKs ;m 1 extended to much higher fre- 
• jUi'in-ie*-. The relative magnel ir fM i rmrability ui 11tiH unite H all 
i* in ilit- range helween oEN) and LOU m-er the frequency hand 
iiiVi'iI, ll b available under I raile nanu-> Bin'll as Kerruxml fe 
[Noi'lli Animoiiii Philips (a.! umt berntmii- ■ (teiiend (■ei'EUuiea 
sii n | Steal he Corp.h A variety u( I ypes an- |}ftidm i erl t with 
widely varying jwuperl i^-H, and for many different applicatinti-^. 
The i‘l- i‘1 ni'ji! and miigiiH !«■ properties of *U[ , h ferrite* 
f|Wrriln.M:l by pub! millions n ( the Philips Lu-hjmLrjriwb and the 
I *; 1T 1 1 Ii 1 1 : fc r ! t (>11 i 21 ■:! 1 1 nr i In I In- rr i,siimr l u ri l* i h m | I h_V I He Wi U 1 , 
Plot h in. ;t i ii I Hk-wil.l of the Etajukliuvun staff in the pubtiHlied 
ri 1 1 h i r i 

Several thousand pounds nf fertile were tided in imnstnicl 
the itnre, arranged iti many picture frame unit* ^lamlrd and 
iiunituted to broil eddy current h and in prevent slumling-wave 
niodrs hi t.hn rjivlty. I*Iau-h frame wan assembled from bars ‘nr 
rods) with ground aaifftrctf i > etneuUil together in minimize air 
imp* in i hr magiicHiiu rireuit. 

T\w si'hiHinli-iE fri'4}ueNry ryrlr derived from the mag- 

netie eyrie am I depends on the perFnrmHTiee nf i he fmU^Hmk 
uingmd. under Ope^ling The variahk 1 fWKponcsy 

- 1 M. 11 : 1 1 i> genrrat^i hy .. M'ninrully luned asi-tlljifor in wliirh 

i he tuning is ai^oompliMhrd by varying the saturaljicm, and hener 
ihe isnlui'tiLru'e, of a umalJ ftriwmagnittie emv iis ihr a osr.Ulatot 
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circuit. This saturable inductance ia a toroid ImviiiLt two 
windings, a fto winding threading this toroid to prodiit'e I Jit* 
saturating Hus in tho iioi'e urn I ll rf winding threaded through 
a hale rut in the dde of the toroid with n figure-eight winding 
in which the de Hus saneeie nut. 

A diode network with twenty pamjleliog R-C rimiits of 
different time constants, i>M:h euui Tollable with dial-operaled 
resistors, b used to produce :i rigtiiii having she proper current 
wrens time function. This output current is used to gatumU- 
the core. By tuning the time wortanls mid amplitudes of 
these para tiding diode circuits, a time eyd* can bo produced 
which is within 0.1 % of the calculated frequency > yde over i-In¬ 
fill t 1-see interval. Furthermore, the ronirok ean f>e used in 
trim the Ahftpe of the cyc le nt. will. 

The frequency cycle must lie triggered to atari an the 
proper time and on the proper frequency m mutch the nsomuii 
frequently of the mm At. injection. The timing fcigilnl in ob¬ 
tained by mi brfcegmting mi] in the magnoiU' lieltlj which ac 
cumulates charge on a capacitor, rmd is nsnl to trigger u biased 
thyratron, ealihraitrid to initiate a piles ait flu- desired magnetic 
Held. 

The variable fnM{iiriiry signal i- user I in i trice a broad 
band power amplifier, with throe atagps of voltase nin]iliFieatiou 
ami one power stage, in which two ftO-kw power til ties are 
used in push pull. This amplifier represents possibly ilie 
highest fuller system yet Ini ill for such a wide bandwidth, und 
many unusual problems were met and aolved in the develop¬ 
ment, 

ft+6 Vacuum t.hnmbcr 

The vacuum chamber is formed of four qiuidruubs hi ting 
between magnet jKj]e fares, joined by four cum nec ling si might 
sections. Each quadrant is a feamework of nnuma^nelb.' 
Stainless cited luminal inns, with large dim sheets of Myvaseal 
plastic to form the vacuum Wall Tile structure is assemble H 
on two 1-iti. by 8-in. bars, bent to the eurvalura of the quadrant. 
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which form the inner and outer face® of the eharaber. Bridged 
wro^ t in- tflbxn. ehiutiber width are several hundred Hat Flee] 
huM r ' N - lj l . lhi«k and 2 in. wide, separated by gap* about in., 
wide, to form the top and bottom surface* of the bnx. The 
2-nu ivnie bats are tEiiiimatkuis to limit eddy current-H lji the 
Kurfai't- tiaeb luir ?> nttm-hed by tin insulated pin itl either 
etui The? U in. iluck plastic sheet covering t( ip mid bottom 
■ urfaiH'^ i* sealed ELgainst Basket* by damp bars to provide the 
vacuum H4!al Tlie structure ifl eeonomirally designed to uw 
the minimum steel ^x-rion and results in Etn internal clearance 
between Imir under vacuum of 0 in. Figure LV-5 is a sketch of 
the varanm {shamtar showing its const™ rt-inn. 



Fin, Crass section ipF I he nwmotFtro vacuum chamber 


The yarni mu chamber Iirises in the utraigbt sections are 
joined (u the ernl* of the quadrant rh:imhcT>- by large flexible 
iioinrui^m't te frlninlew stwl bellows and have Hap valves ire 
stalled m n\\m seer tons nf the ohantber to lie isolated for vacuum 
teating Many large ports ami rover plates allow for 1 lie tn- 
sevi i oil of electrodes, targets, or other devices. One straight 
iMviimi Ihiv is of moall i'mss section, with mi insulating gap in 
ffie steel wall, used with the rf acceleminr. Vnother is specially 
rliiqH-il on tin- outer face* to iustidl the inflection plal w 

j'he pumping system eii heists of twelve identical high- 
vacuum pump stations, rlistrihiilod, around die chamber with 
three on ezii'li qiiiidnmt KiiHi elution hit* a large manifold 
i , urmertin.gto the chamber, a rrFdger.ilcd Imlfle-, a 20-in. btlicnm- 
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oil diffumon pump, ft Iti^i-vmcsuxijn clo^Hjfr valve, a booster 
pump, and Jill itocegsary valves mod gauge*- Four ci'JittitlLy 
lor-aied medi aiiicn! pump* nupply the imLgh harking vsiruiini 
for (lie l Wtdvr dLrl ijrcii i-i i pump;'. wish welded teie-v'Hvuui.Ll Jim'-s 
■ li-strihiiled to the stiiUou*, 

Pump station units are interchangeable, mid ^u-ml 
spare unite an? mmoteincd for rcphijcerncmL Tbo titesp-off 
valves allow Ji pump l 11 l 1 1 Lu I& replaced without kwing vui'u'iim 
ih the main The valves mre pmunmideallly operated 

and an- (rputrolknl Heetnuiiciblv by overload gauge^ so that pi 
pump cun Ik? closed off HUlnriial ‘nitJly if a leak develops ( »r 
vacuum is lost overnight. The ctismotruii ran operate witis- 
fsctorily with eeverul pomp* removed, it' non I be. 

Vacuum plumbing is n mujnr problem in all unjetenitoTfr. 
In a ehuml^r as large hr 1 he eosniutroiq many safety device* 
unit interlock* ate required \f| juiuta whieh Iwvl- gasket seal a 
ivm arranged with jl double seal m helium run I** eimilated 
between gfkskete in detect leaks (with a ln-lium Irak detector 
on the pump output line), nr a rough vacuum pump mu i ji 
installed En control. a Imk unlil iiminl.iumnce -shutdown is 
ilcNii'FLhlc. Alarm type gauges are located at each pump station, 
um l operate pi Ini lamps at the control pane] mo the operator can 
check tin? vacuum system at a glance, 

Scattering by the residual gas in the vacuum cbrnnlier will 
■vault in aime loss of inns from 1 he beam. A theoretical study 
by HWhmnii mid Cmimiii"* predicted llrnl the loss in intenMiy 
during the t-nrly part of the vytAi- rmnumui] loss occurring ai 
abnui in Mey) would be adequately SHudl ter a chamber pres 
sure of 1 X 10 "mm Tig. MciiMummCots during early npemlirm 
showed the loss to Ui ncgligxbfe even at prelim* uf 2 X 10 \ 
Vs a wn-wqurnrT of rhte tolerance 10 g&s pte^ute, ihe vacuum 
problems in the coMinotrori have Icms troublesome than 
expected. 

f\J Target Arrangements anil Shielding 

Beam intensity m the cosmotrnn has exceeded axpeefca- 
twins, With 1 ma of protons inject od over an effective accept- 
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iitHtfi time interval ui utnaut 30 microseconds, the number of 
prolong available for sureleriLtinn b ahum 2 X H) lL protons |>«-r 
pillse "Hie phase accept LkiiCG ju'ikIc of r rudi&na a i knee hIkhU 
I mil of those In I h 1 bunched into stable synishninoiui orbits, nt 
I X I0 U proton# per pub\ The high-energy ln-uin iciieiwty 
lias risen ateidily since the initTsil operation from about Ji X 10" 
t.ii ft jurstM value of I X l0 Ul pxolosis per pulee. This means 
that 10 r d- n( 1)it• avidhiliJr intis strc? retained and uecriemml jlI 
Ii mil energy. \i the present top energy of 3.0 Bev ibis rep re¬ 
sign s a IlliU'-zIVBrggt power in tile lieatn of cm& mtl. 

riu" Hudi-energy Nam can be diverted radially io strike 
a target m he vend way*. If (III* rf emulator is turned oil before 
rhe imigUetir field readiesiupeak, like particle will spiral imvanj 
at the rale of a 1 m nit 0 r tHJ2 in. jvr turn or iter 025 microsecond; 
hu the Ixmm will movi! radially inward by I in. in about 0.12 
mllli^oniJ. Or, a modulation nf applied frequeney can be used 
to shift rhe battle phase angle, This can surreal the volte 
iww turn, and the Nam will spiral outward toward a target. 
Hin« the maximum rate of mottw m about twice the average 
value, tin- beam am N moved outward at the game rate given 
fttmvm 

for mim uxpcrijtWKita it m desirable to slow down the 
rate nf cleanup of the twam against a target as much as posmble. 
Thin rmi N jKT.rmipliahfld Iky a small change in the applied fru- 
uueiscy Vim longest. output pub? obtained to dale k* about 30 
ui.sct\ repre^mtiiig 200,(XXI revolutions. An electronic particle 
dieei'fLir,, such as a telescope of l.wu or mnnr- Keintillation cryatftte 
with photomultiplier tubes. ran he mm Ir tn have a time resolu¬ 
tion 4jf better than 025 micmsLasmds, and therefore can resolve 
I He individual pulses, if the uoineideuc^ counting and data 
storage systems can 1mmhe this rate. 

lit other e\[MTLim-iU ■> extremely short lifiun pulses .are 
de sir side, such us those utilising time-of-flight. techniques to 
observe very short lifetime processes- The shortest puts? 
possible by the method of contracting the beam against a target 
[h about if I rinser. 

Targets can he located pemmiiflatly a few inches. from 
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the Imrar chamber wall, A small fraction of the beam may ln fc 
lost against such target* during injection. At high energy E hi- 
beam can be cuatruetiHi to strike the turret. The gracing iiiui- 
ih'iHje associated with the small cuntmelioii per turji ull^lilh that 
each target is essentially a thin target, mnm it auiuui U< aligned 
Willi sufficient precision te have the beam inks on out turn and 
in? completely within the target oil the next turn, Small angle 
scattering in u thin foil extending Ikiyotid the fciifo uf the target 
results in free dscUkrions which produce a diffuse spot uf ^y^riil 
imihea diameter at the target an Line next, impart. In the 
Honse a thick target becomes nITedivoJy so on the second Lum T 
for a fraction of clue beam, 

A wire target has been usedsuace^ully' without expanding 
or contracting the beam. This wire in mounted on ?i tinift 
above beam level which can bc quickly rotated to tarn the wire 
down into the center of the chamber. The hram k diffuse, 
about 2 in. acres*. and only a small fmvtion of the ions strike 
the: wire in any one turn. When they do, the crass m-tinn fm 
ottering m small, and the ions continue to Ik* hm^kTAted, 
ultimately striking the ivire many times, Til Lliis way the Frnall 
win: will eventually cleanup the entire beam. The efficiency 
is estimated as 1ft % 

Rant in targets have been developed, which ran be thrust 
into position well msiilu either the inner or outer wall of the 
chamber in a very short time, using pneumatic cylinders. The 
beam can then In* con traded or expanded to hit the target.. 

JteKiii'dlefis of I he type of target used, a largo fraction of 
the beam is scattered by sufficiently kups angle s u> be thrown 
out against the rh&iaber walls during the following turn. Thr 
resulting spray of radiation flies off the orbit tangentially t fumr- 
ing a narrow band on the horizontal plane, whore it impinges 
against the tiiield or tin? walls uf the roam, Thu target urea 
shows the highest intensity, but about half the ntfliidi-m appear* 
to be distributed around the rest of the orbit. 

Tlie basic shield designed for the eoHmolrou is a Mack of 
large compete blocks of 8-ft radial lliii'kiiess forming m\ arc of 
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about 120° around the machine mitered on the target location 
find LnUrpoBed k-Uveen it and the control and observation areas, 
Four layers uf blocks, each weighing S tons, form a shield 9 ft 
high, with l.he top layer overhanging the stuck to form a sort 
of tunnel between tlie magnet and the shield. A layer of 
f.-iu brinks is located between the two central layers :of blm I-. --, 
on l.lii' Imri frontal plant- oF the liemu. Channels ran In? formed 
between bricks to transmit beams of radiation through the 
shield where dcsimd, The attenuation of concrete for this 
high-energy radiation is measured to iso a factor of HI for csuih 
3 fi ii. The lot&l attenuation factor for the 12-ft tangential 
thickness? uf the shield is about I X W l . 

Scattered radiation of much lower energy Hum the pri¬ 
mary beam from the target comes from dcgr&dal ion and back 
scattering. Only a r-migh estimate of jis intensity wais possible 
in advancer and no sluelrfing was designed specifically for this 
component As n i^ui sequence of the high beam intensity ob¬ 
tained,, tin 1 scattered radiation was somcwliat excessive in Hie 
areas adjacent to the targets. Additional overhead shiekling 
oF 2-it concrete beams spanning the target stniiahl section has 
reduced the aenttered intensity to acceptable levels, 

[Electronic detention systems have Bpecuilized in the U£e 
of crystal smtillatinn com iters, arranged in telescope, with 
coincidence pulst^ in detect tile charged particle products of 
reachmis. Will lhew* instminenls x^mesoii interaclions have 
lipeu studied; from 200-Alev to 1.5-Bev meson energy* and for 
both pud live and negative r-meffim. 

Fa at neutrons emerge tangentially with energiesi up to 
the mimimim protein energy. Also, many bw-euergy nflutroris 
are observed, in ihe energy range around G.o Bev, probably the 
products of star Formation. 

Meson intensity is abend- 10 per square centimeter per 
pulse outside ilie S-ft concrete stiialcb adequate to analyse into 
energy hands of about lOfhMev width for the study of meson 
prwMJsKi as a function of energy. Both positive and negative 
mesons art fc available in the direct beams from a target (at a 
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minimum angle* of 3fP lu lKi- Ivnm), Nfi'sihvc mirsonB :i1 matt) 
forward luiglr* aw annlyaj.1 mill dnflri-1 «<■ I milwanJ by the- i-nrs- 
motrmi mugfrtic* tieM h» [iniviili- :i Fix-rfcruin nf energies. I tm* 
,J f tlw impitiflOc fealwea ul" ihr I'lisnnilrnii is ilir- net nf mraon 
dmuiLi-U in lhr fihirlil kU-!nl ■•ftfjfl Me\‘TrfkJ M, I II 

Bov," aviikfali! fnr mmon ex p eri me nt*. 
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Alternating Gradfciit Focusing 


7.1 Tbf StohiliLj I'iimiph 

Th* 1 tiuignelir fields umhI tu guide pnrt-idc-H in rating 
■irTi'lri-jiUins iist- m'ntnged to provide fuelling fcMTOh lay using 
u ns iisil! m\m\ finin field, a* deNnrit hh] in earlier rhupter.v 
Tl«- expunrni defining 1 he radial grudieiii is in the ratine <3 < i< 

I and I in- rf'-Niilukjil for using in tile vertical hue! radial eonrdi- 
imtert in weak. els ihuHimioil lay free ota-iiklion wavelength® 
\vlii«li : 11 ‘« • in ail I raws lunger than the orcumfereiiUal length uf 
1 lir j utImI. Tkm is the maiummi amoiitn of niugnHii ffh'iiamg 
ptiKsiiili' iiviiJi fields 111 whtrli I he itwgrjelif: gradient ifl uniform in 
uaimuih. 

A new principle ni a] mutating gradient (nr ntmngi fornix 
line wus disem'i'red in I lie .summer of 3ftn2 ni the Brrxikbimm 
N album I Lilidruinry hy (AiLiraiil, Li vr hiatus u and rinyder 

A hunt tiix muni h - after I he original artiele way yubmititfd 
tO Hit- B&iim fur puhtiml imp it was ratJed tu rmr 

iitlriiiiun thui Mr iNhiiulti^ ChriialtjiyoH^ afi eii^-trii'nl mginrer 
from Alliens, had toude a study of i^nuLni^aewlemtimi wliieh 
ini■ hn1 1 j i t 1 lie ullermtLhig gradient prmriple. His privately 
printed rEjaoii "Ftyusing Syatem fur hum amt KleHnms and 
Applirniiun in MugnHie Rnsmmruv Purlidr UrelemlonT is 
dated MliJM. Il i« dear that Mr, Chri^tnliki*deserve*eirdifc for 
l.lie eurfieut eriunmrttm of the priinipk, Ii w also true ihut 
iIn- \Mirk re purlin I in relerenre LtH «u> jm m l-i‘ii i. 

Strong for! Lying invol vea [he unit- ol very much larger nufial 
gradient h in the lield, nl' whirh w in of the order of hwlrecfe nr 
( hums;uitis l naleu< 1 iif 1 1 r .sy. thaia uniIy. These AtnnLg gnuJsent. wee- 
iutn are alLei'iluted so tm to be directed radially Inward and racli- 
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ully outward in aurttctd™ around the or l.iib Qimlilidively,each 
^ a niiigin'tii 1 which is converging in mie I rjinsvorse eorjrdj 
I1atci diverging 111 the other- The continuous sequence uf 
ttltertLately positive and ncgruivc! kofies, for both eurmlinak^ 
results in emvergciico for both radial and vertical displacemcnto. 
Partides perform (^illations about i lie equiliMum orbit of 
tnurrh higher frequency am! much smaller uriifilitude than in a 
field of smallri'j. uniform ft-value, The vacuum iihumijor can 
Ik i much smaller, amt the dinwrarioiiH of 1-he magnet l.o produce 
ihe field arc ml need to about rmodift-h or one-tenth. Tim 
volume and stored TO rgy of t he liehl am jUsu rdutiefl by large 
factors. So the euat per unit length of the magnet to provide 
the ^indr field and the rn^ of its power supply are grimily 
fExiitijed, Magneto ol much larger orbit radium capable of ae- 
eeli'rattng particles to mueh higher energy, Fieoonie eeuUDinieally 
feasible. 

The discovery of alternating gradient focusing was pre- 
idpiiatcd by a pTQfKHsal by Livingston that, m higher-energy 
miutimicd of the coaiiiutroii type, the C-shaped magnets should 
In- placed around e hf # particle urbit facing alt ornately Inside 
llni! outside. By this mean*, effects of back leg saiujiitimi and 
fringing on the eJmpe of the field in the magnet gap tumid b- 
nmrl^ to average? out, with a ivgulUtLt larger nnd more usable 
magnetic aperture However, ti> isorrtict extreme variations in 
fringtog Geld and saturation effects which involve (Native n- 
vjilm.^ fur the sectors faring oiiUiurd H the intvmd-fLacing .sector?; 
wnuld need to have negative values of it. Before sjrh uci, ar- 
nuigH Brieht could \n- utilised, it wan nei'essary to determine the 
effiHita of alternately porative and negative upvalues ewi orbit 
stability, A preliminary theoreliral analysis by Cmimnt led 
to *1 Iif? alien; smprkuig result that the stability of free osdlla- 
i'mm w'an much improved by such alternating gradients, Fur¬ 
thermore* Snyder ^ f m pointed our. that thin was an example of 
a more general principle— that of the dynamic stability derived 
rnom rapidly alternating forces in many mechanical, optical, 
and electrical systems. 
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An imdmtniidmg of tliie general friability pmiriple ciuti be 
iilrt ii 11■!-i3 } r y pnnsideriTlg first Borne chF Ebe simpler mrahaiucal 
uml nptiml uppliecilirm^. For example* an inverted pendulum i& 
r»bkvii>iiHly mutable ihhTh- si utir forces, It will full over tu one 
snle with tin intiiii rfHmmtU ihfqjliH'fcmeut [ram tin? vertimL Hmv- 
. I (In 1 I ii i .H ■ hi the pendulum in nsei] failed rapidly up imd 

r|an ii Hi rough a nhart ^trtike. the pembdum slnhle iii 

i In- verliru! position fur seven*! hamlti of (sw'illiiliaii frequetiriea 
above ;i inhihuum or Min^hnld fmjueney. A ihefifpt.mul aiudy- 
-is n; the motion of sfurh elci inverted pendulum to given by 
■bioger ’ The result to given in rho form of the Mathieii equa¬ 
tion m: 




dfc “ tSOfl bif 


(7-D 


when- if/! in Hie ruin nl t h-t- neederalmm of gravity to tJbc length, 
ti/i Lh \ ht mtii.1 of utdlhlion :unpliti*di- to length, a is the augtdur 
frrquciiey and $ in I In* angular ilispUovinunt . The plus and 
minus siKim repnwL’hl. the up wan I arid downward direction of 
nunmn of the oHeitlaiing hasp, Solutions to the Mathieu fqne- 
ilniLs show hi lfii Is nf stability in t* separated by luirrow unstable 
mid runs. 

Another niethoiHcat *ywtem which in frequently used eus a 
3 si l w 11 -1 in Hliml vnir the fftahilily principle is the ultemaling 
trough Ii is i.-ltiir that :l ItaJI will mil along a euneave^ipward 
tjanghi and dial any deviations: in dsreetioti will in- ninroted 
M i- i"r|ti;iily elear shin a ball will mil nil (.lie- wide of an Inverted 
i 5 i fitnves trough- In tin- intermediate rase of a ftxti- plane the 
remih depend# ssn-lely on (lie prcviaiDh nl mining. The njter- 
mitiim trough i> formed of soared ve r equulderigth titethnu* of 
tuneave am I ronvox trough, with the ecnterliiioH of idi wcftioil* 
mi the satin■ level aiul forming a Hi might lint 1 , ami with srttOotllly 
111 nich 4 1 l r; lilv ii uni seelinn* lie! wircii. IAir a given giamiet rv 
fi'ndiiih ei I'lirvnisnv nf the trough* length os' h vl ion* uik) Hepuni- 
1 a iris i l lien - will k n range nT veloeitiew wilhili wlvieh a ball 
rolling along ibr trough will jHTfuttn ala hie o?fdibi wm with a 
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limited miunmuin amplitude The Ktahvlity range can be dem- 
onstmlod hy rolling Vhf L kill from different lieight* down am 
iiroUiwI plane to give it n start ut one end The o^illiifiori* 
lor- poiiodiT hill mil harmonic, The shape of the trajectory is 
;i i ornplkalt'd curve which repeats itself periodically, i lit- wave 
form depeiiding oil the phase of the mot lor relative to liir 
trough periodicity, liven rather wido devuitions in the angle 
of injection of the bnJI at the atari retails in put.hs which M ay 
within ihe Irouj^h, for the correct velocity. TTjl- pm. ha urn quite 
dnuliir to the orbits of ti particle in an alternating grudienl an- 
or locator, if they were to lie unrolled into a straight line. 

Thk same type of stability La [Illustrated in Jena optic*. 
Consider the well-known aquation for computing the overall 
foeal length I' of two thin lew* of individual forid lengths, 
/i and fi f which tire separated hy a distance U 


1 _ 1 , 1 _ J_ 

*“7. /i /*/> 


(7-2) 


If we fake I'onaJ lengths of equal luagnitNiJe, bin wilh one con¬ 
verging and one diverging, we luive / 3 = , and we find : 


F » f jfF/# (7-2a) 

r t'h«! combined focal length is positive (converging) for such a 
pair of Icnse*. A similar result as obtained if the lenses arc 
thick when file sparing Mwecn them j.m suitably del Hied rts the 
distance lutitween prim i ] ji j I planes |i ran Iv* diown, furtbrr- 
Fiifire, 1.1 mi a continuous sequence of positive and negative lenses 
of equal foral length will In'- converging since it i> the equivalent 
of ji HKiuencB of n hi vergenr pad re. This Ncrpieneo will \>e con¬ 
verge] it if I hr separation tow'wn fouil planes uf successive 
lerarns d h in I lie range - 2F < i < IF. A modification of thin 
priori pie is luwd ill the design of periscope 

^till more infdrmatinn run lx* obtained from Hie npnical 
analogy, With a sequence of nllerrmtely po?ilive and negative 
npifind tense* the rays tm versa the imui verging uni is ur the 
grenlcsl distance from the nx is. This is nffen phnwri ns pptic^ 
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IIV I In* Thai i hi- positive len* w the aiitriiiin 1 stop, 

TL ■ 1 1 :11 'Ir- iilinii iif « i il v ii Iraven -ill a lens is |.irupor- 

MhiumI i" die di^am-e in mi tin.- us hi, Si> die deviation in the 
nun I Iiy-M r(HLipsmiuit> s 1 .ill eMwil that in the divergent nues, 
Tin mguiuveil h viiI f 1>» the general| ruuclnsitm Mutt Sill LlltmiJil 
in- M'i|Mriii-r will Iiv eom-urge id for ^paving* in which the my 

being n Hindered i'liiv k nut crc*w like U-SIS, 

7.2 riii- .l-h i\lLlgilrtii: Jji-lln 

Wv now iviiirn m the problem of rriuffiutiu fauuidiig. 
A single region of uihnmogeiwcHis mt^nelk- field which prodiirr,- 

i- uiiM■igrtn'v cpf an inn licarii m Mine plane will must 1 diveigencc 
in tlie piriiie sit right angles, In other words, u livid which Ims 
:\ livhl gradient, dtiy th m oik- plane tuts a gradient, d/J, rij/ in 
the same plane which is directed normal to tile first . The di- 

ii- i tispn uf this assoHatnl gnulivni is *nvh ;ts in pruduev a ffl¬ 
ensing vflV-vt opposite in mm* to ihnl of the first field. 

Eii our purpose, nm! in order to jmnly&c the effect* iiiu^i 
sample, ii Ls helpful to uf^ume that the two trains erase grodinnts 
:in' equal in magnitude: ttfi k ti: = tftt. thy / This situation 
exisn- in n livid lor which the component* am given by /^ = H 
(pin t He i lio-i-lion along the ^-tvxia} T - kz, and fi £ = ktf. 
Snch si hold ivis 1 ;.i vhr;iitied by shaping the pole faces m rev 
niljgnktr hypei'l'K)]^. illi Pirated in 1%. 7-1; the foilr symmetrical 
poles are arranged in In- alioimtely \ and S jxiles To the 
I'vti'iit that the polo [net* ivnmin magnetic* epiiipolcritiiils* the 
field gradient* arc of equal magnitude and are uniform through¬ 
out the entire volume between pnk^ The field h Kero along the 
■r n.xiis in m*'h a l-pole magnet arid hits opposhe dim-iioua on 
'■ItIH-r side uf the renter point. It in clear that, in one triuuvenap 
i-i ordinal deviant parti vie* Hill I m - foruBprl about the jr-tucia. 
Straightforward application of ilu- vector rule fgr direction u| 
the ftrtro on a moving charged particle in this field nit] show 
that partinh-H mil he defor-nsed in the other tmnsvense cq- 
urdinate^ 

A single, *hori section of held bet ween poles of a 4-pole 
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nuigrat of length ( ‘will jin ws a (nnwrgiftat lens in out 1 pliuie, 
with ft focal lengih j mroMtred from n principal phne jiA-ulnl 

iir :t illSUlH'f- /„ UJriiiL lfl< |>I l V>j i 111 .. lit = Fir Ih hi I lir 

Ivim will lx- divergent in tin- other tnuiHronif! plane, with (he 
Lk'jlI length (but negiilivc.') raeasureirl from an oqiiivak'nr 
Timir'ipiLl plttne. Ts> imiintmii tllfr optkiil u mildly, it is luM'iil 
to expie.sa those Hi si mires in terms uf (Fk i ttijignctm pruijertira 
of the Held and the properties of the be;tm of particles 

The cqnatioTUi of motion in Hie LrutuBvcrse L'oonil incites ure 
given by: 

«■ »+**-• <?•« 

3 x<~ M IF’ ~ 0 " r as - ®’* 0 <7 ' 3h > 



Fia. t-l. Four-pub providing uni Form 

masnrtfr grultanla in bnt]i tranivcsnse coordinates, 
Yhv polo frwes nre ahujjecl to a rotttujpjlar hyperbola. 
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"III. consul., A' = n/BR}(dB,/dtj), 13 m Eh- i^prv^.-L| m words 
;lk l.lir- lii'M gradient 1 1JvS-h nJ I ty iln< mnnn-nturn per unit charge, 
simv mV V tut for ..l purtick- moving in u ejreular orbit in a 
■ Mimjiii-1 ii■ JieJd. These can bn solved for the im- 

ji. Irkry of Hu- fmrtu lc^ Icj give the fuc-EL-t constants of the Imut 

lli:»i jjfn-il : 11 M j VI! ;l>: 

. _1 - COB JE^J 

* A^ S Hill A-’^y (74) 

^ = A'" 3 Hi ) JC*^i {75) 

To continue the nnaJya3s t a compound lens whkh ia eon- 
VMj-,-ij^ ii In.ith Lniiitivfrae plnnea ezi= i be formed of two units 
in M - iji 11 "ii" i■_ willi the Bci-und rotated 00* relative to the first 
iiKt 1 A i him I K i for l.lie lens eorratajite and A and A fur tbe 
lengths -if the two units, with a physical sparing d between 
ibviii 1 in is; the values uIhjvc in Etp 7-2, wo find the 
overall foed WmjgI.1i of 1 hr- pair of umta to be Riven by; 

= /Train AlV«aAi%+ A^shA'i Vc^Al 1 ^ 

(7-tl) 

- dKFKr^El% ^Ki% 

t’W a aim pie example we chouse two Identical lens units, 

with A 3 K| = K mid [ ( ■ l s = L In this wise the equation 

for foetal length ttsdutfes to: 

l K' m Cain K m i cwb K w l - aiuli K u, t era & m l 
F (7*7) 

+ dK 111 sin K ut l sinJi 

I tiu condition thut the lents ayatem be convergent is that the 
argument A ,|; t 1h? positive and not greater than some value ap¬ 
proaching it, depending on the magnitude of the separation dia- 
t^LiLce 1 /. I Inin, the lm s can tie designed for any desired focal 
tanRth by auitabb choice of K lf ~l and d. In this simple ease 
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where /v's suit I Tti uro equal, ths 1 focal lengths an? i*c|iinl fur \\m- 
pl»roflietll« iti Ixith I he j:?/ artel x-j pLuieb, as berimes evident 
when — K is mibfgti Luted far Al in Eq_ 7-7. llmvevrr, the 
locutions of the principal plaits will ■ lifter, de pc-lading oi? wliether 
the initial j-LH.inn h mm verging or diverging. Tina leads to an 
astigmalm image in the simple case a^urnecl. The aMJppnatkm 
r'im fm eoriwtcd, urn I (he two focal planes £U(ierLEnpu£ed ± by 
flight modifictuioifc of the pammutera, such as making /t < i\ 
fir by operating with n hi slightly mudler li ■ magnitude thmi K\ . 
whilst I'liii I sc obtained by dec nesting the flux density tun L hen re 
ifir field gnidieiit in rim aaeond unit. The double focusing of 
e fir cum pmm ting tens.-* is iflusLmted in Fig 7-2, showing 
nltcrnatiwly ilivergent tind motivergent forces m the two sections 
A Ir-cin to servo the above purpose nan Iw buili of two 4- 
pote iringiifiti* units with hyperbolic polo fumes. The spacing 
lieiween units can tm reduced to Unit naec^ry lo aiCfioiiifpodttU' 
the magnet bindings. The eJTeetive nurture of such a bn* i* a 
circle of diameter /J = v^x, wlmr* « is the spacing between 
r-nilrr^ of the fiyfMTfm-lir poleK 

A Kimpter relation for computing fcu'al Lengths ran In* nle 
mined from Kc|. 7-7 hyexpandingm terms of the arguiwmiB amt 



Fio 7-2. Dauhlo fonttaii^g by a prur of matched inligemtir 
in which l ho. of t.het m^rjolif rt ltdit;ri 1 - ih i^TBrseij 
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iih»k imlj r i hi r firsJ .iifttiiliuuikt tertnti: 

i = K s t%{2/M + (7*8) 

Ah ;i tiuiiiofic.Mil example, lei ius design :i leriH re fnrijji pri j- 
lr hih of I-Mm energy, vlateli have ii Inf.imentuiti I£h' of nlriiul 
lH r ‘ gaiihs metier with h magnet in whieli the nperttuv ^ is 2 in. 
iii'i!' 1 the maximum lii L l<l arrriMH thin 2-in. gup ID kilngBU-SHU 
Tin Meld gmdLiwl d/i/d jy = d/i/r/i = ID* gniisH ''inrh tint 
eon Hi roil K — T |, If Hi 1 i-hrHiHC ■ A’ 1 H = f/J ami a sparing d 
of 2 in.., 1 lit- length of eneh magnet unit / Lh- 2.5 jn ip the total 
length i:-i 7 iiL, iunl tlif fnml length efttapiLted from Kq. 7-8 ii? 
1,1 m C-hnii r of a -mailer value cjf A' 1 7 will Irai] To shnrler 
magmas in id longer i'i k-jlL lengths The focal npni can !■■ made 
iUHa-Hligiiuiiiie by varying the exciting current in one of rhe unit 
eelutive In she other. Longer fora I lengtha mn hr ol it airier! Iiy 
rttlneitjg Die i‘urruTtt in I h>i h vrmdiikgK The oirtiigmufie property 
of the Whs riiii In- m tidied in h pedal fitiHrs aurh hf fneiikrmg the 
i'mi i lie Ml beam from a rydolnuiu u'hidi o a nall y is narrow tit the 
veriniil direction nml broad rat Bully t and U itself astigmatic, to 
nliiain a fnani. forms. 

Ivlculllr iiel I- ran lie uwti So produee the tillrmnling 
irmilioiiT. ah v>.:ir |i-?m<i'i| not By nWetr 1 in a companion paper. 
IhafoilM a Mi I equal elnrtrie Held gnidielils ran fn? produced he- 
iom i in lour Heilrodr.^ H'hieli are aerliotta of a rectangular |iy- 
Ih iIhiIu, oi v> fueli (.he eferlfnden are mmiected nilwrnntely to 
pi lI eni jji Is i if rum) I- The filer trie Held hH.wenn rWErnde* 
has (.hi- Maine pattern its (lie mngiifitie field hi the I-jhjIv mngnrl, 
in - I iIn hiireH on a moving el larged jMirt.iele lend Ui convergence 
in ;l | i|;i.i ii- ui -ti> 0 to the hyperbolic nxva Jind divergence in I he 
fN^Honheiiliir pin he Let rhe gradient- given hy ttj£ w .'thf = 
of , W. Mint Lei Die velueiiy of i he particle mi l he .f-i tired inn i 
U t\ The properties of Die Ivim vtit] ini' given by milu-ititntlng 
s I «■ i tilt .-i'.’j- fur dR it# mid 11 /v) dE/<h for HHftU in ihe mac- 
ni‘iie lens formulae “Hie mninentum per unit charge (BE in 
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the magnetic eafte) is givum in termu of the kiddie cnit^ 7’ 
and rest energy JT n , jib: 

Wit/e = T(r + 2iiV) , 'Vft fT-U) 

i 

A handy mkvof-thnmb in i hr mks system of unit* ifi theif the 
numerical magnitude <if cUn'irk held grudienE must U' -100 lime* 
larger than that uf the magnetic JiriUl gradient Pn phiduro the 
sums focal prnjNirtii^, 

Sacra- "T the mont iiHoful applications of the alternating 
gradient fcmnasiii^ principle aru in the u^* nf sajeJi two-unit ksnaes 
in fruits beams of particles in the hihurat^rv. A simple demon- 
fit ratinn '.'an Id- arranged with u mLth'.w3c- my mbr liy mount inn 
two gefl£ of 4-polo eoi3s hil Ujj■ neck ■■£ tht't ulu- fwit L oi witjiuiit 
iron rim' men 1 adjustina • tuTsnN and r-r>il rn'icniniion* hi 
prod MM! a poi nt ftteas on tho Burntm, 

7*S Tine A*t Synchrotron 

A sequence of alternately i.xm verging ami diverging nmg- 
iieliu 1crises uf equal strength, properly spaced around art urbit. 
can be arranged to provide strong restoring forces for displace¬ 
ments in position or angle within the orbit. This strong fuflUtfing 
leads to free filial;ions of higher frequency, shorter wavelength, 
and smaller amplitude than fur a synchrotron with uniform held 
gradient. Synchrotron osrflktioti amplitudes for a given mo¬ 
mentum 1 1 ^placemen! are :\im adu-'i-.l, ^bi<b allow* the u--( 
of Hindi smaller nisse vacuum chum bets and nf smaller and 
cheaper tnagneLs to produce the guide field. 

The magnitude of the focusing forces bj dimniy ivluir-d 
to the magnitude of ihe Hold index, u ( —r/S){dH/dr) which 
mn be made very large if a! h mat mi: gradients are used in 
produce stability. Let 11 ii• circular ^rldt I'Onr-njj! uf V -cd ors nf 
equal length with different valuer of field index, n k (pasitivii) 
mnl fa- (negative! in alternate sector*. The equations of verti¬ 
cal anil radial i '^dilution* fSee ICijS, 2d&, 2-20 in t ‘Imp. 2l an 
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1Ill'll: 





ft - 

d ~ + (! 
rtt* ^ 

— rij.lr — <1 

(odd sectors) 

(7-1 Os) 

iff 1 « 

,m + “* ‘ 

r + if 
dtp T v 

- Mj)r - t) 

(even sot:tors) 

(7-l0b) 


Silulioiu* i'hii In* obtained Iiy Hid use nl recursion formula*, and 
an* hi l.l id fnrm: 

Zi - Ac at *‘* oml Rt - fit'*'"*' (7-11) 


wlhTr I In- mM'liitiiflnt fi , ib giveu by: 


nni = DtB 


2jnT 

N 


CUS 


iTIlt ' 1 


Hi -+- «a . 2 If/i i 

. . "H 11 |i| - 


sin 


2im w 
" R 


{--m 


riii ' i ■( h "| Fni i*j 1 1 a, is given by 11 id same expression, with «, tmd 
n, ni»luml by ( I - ri|) him! ('1 - Mi) respectively, II the motion 
m in I ip Mi.ilile fur bull l radiitl uiir! vertical displacements, the 
limil ^ nfi* established toy tin; conditions: 


— I < rflu'iiji. <1, - 1 < CUS U»|4r < I (7-13) 


I III ,1- limits have been plotted in Fig, 7-3 for very large values 
nl Hu' uuil uf V. and the coordinates are given in terms of 
pi. '.V and n> VThe range uf ttisMc values of n is widest, 
w Ih'Ii V if large and when Mi — -Mi. arid the center of f;lu* reft on 
nl f.i ability bios 2ir,u — 01 occurs for: 

I n ] — A'VlO (7-14) 

The early results'" described above It'd t.u the hope that a 
.■-•.I I'rgiun of si ability would he available, and that the pre- 
mum in magnet construction required for uniform gradient 
synchrotrons might l» side atepjKtd by oho of this principle of 
ntrojifi focusing, However, further and more detailed con- 
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I'cn. t -3 Bt&hifiiy fur mi idrcil »lf.rmutin|j h r culien t 

wreknrtwt. t’Wrililuilc* nrfi ill terms uf « ,Y’ wham n in I tin n-vnlun 
iilul in lIip tmtuLwr uf fcHMiflitig iiiiiI.h gtminil (ini <*rh»i t 

s idem) ions liava modified (his j, D, Lawson mul |-\ K 

OoWflJtl at the Atomic Energy iiru-un'li Estahliafitncnt ni 
Harwell, Kuftliujit, who were Investi^aiiu; tin- fusibility nf 
using this lihmsimj |»i'iiii'ipb fur iheOERN (Western Eiim|x-nn 
Laboratory.) Iiiufi'cncrjiy lu'celemlor. pointed mil Mw prnlikm 
of rtvnmm>t*r buildup of itoaiiltitioii amplitude* inhibit' if i[h> 
(Vttjucjicy nf betatron oscillations s , mi e\ms umtiLjjJf of || M > 
fn-qiioi"-;, i4 revolution !l -m*. tin* Iji-Iiliiyuj ti^r flint,iun> would 
ropcai in phase in HueiN'-savo it'volui.ioti-i. Any osimulltcil m- 
haraaRcnejty, such ns would result from slight misalignment, 
of a magnet Hector or ;t ilisiorlion, of i|«< tiioguHir field, would 
exeue usdllatkms of lineally im-reftfriiiK tnugniludn, Calr-ula- 
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(jH.it- -In iw 1 1 1:11 jin <-rrctr of 0.01 in, could kml to kw of llir* hrniu 
in 1 1 1;l 11 irn revuluthina, if the fmjiieiiE'ic* were in resonance* 

fm 11 1machine described In ilse parly pnbliraiH?si. 

Tin ninuN'r of im^iblc rcsonance-H within 11 11 - stability 
i m^r Ji'fH'rnl- on i hr number of tirUtnui wuwlertgth« around 
i lie orhil. Tiite* i u turn, dcjMuuk w\ the n-viihie and Hie 
iiiimhri of -'■■rtim« V 1-Vir the large Yuhtea of n ami V origjjiully 
rniti'L'i vi'j 1 1 11 m frequency of lie till mu osrillMiofi was fdmit ntl 
i u m h 11 hr orbital fmioctmy, h.j there would bit rrf) ln*l ut n n i wwe- 
ki i\\Ui- |ht revolution. In order to stay Rifely In-t-wfieii rr-so- 
11 :l 111 'iii would I* 1 mnn-^jiry lo mahdziin 11kii n-vakm constant 
!-1 whlnn H-lbiV-i Furtheruitire, unstable sTop-hand* exist 
mi mint Jmlf -integral value* of iIm* mimlier of betatron wave- 

h-i itit h-. which lowers the prwMou ttajuinunent to below 

Sin'lj ruiissiileniiiiiNH I Law insulted in redlining the 
v-iInh of n ural A whiirli can lie Lined in Hie nlti-rmitiug gradient 
■■Viifhml ttiO* 

\\ In-El i. he -t Jilnlit v l linn mm in drawn for finite values of u 
jiillI A , with tlie j reflnitnutf^ and stop bauds inserted, we find a 
■imill Ijiee adequate "tliiutwjnd 1 " reprinting the allowed viiria- 
f tinir- I hi- is iUiKkrub'd in Pig, 7-1, taken from the (’tunbridge 
hi^ign Study, 1 " i ■ -c"I on jui m- value of u \wait BIO with A' = 18 
h jiiis131 1 * ->i■■ |M|-fi s wliiiii n^uHs in there I wing nlmisit 7 bel-tOron 
waveleliglbN |w>r turn around the orbit. The allowed variation 
mi revalue to hUiy within Hu- lability diamond ts about ±3*"!% 
a vhI i ki" wliii'li I'nit fc>e ntlumrd in practice if statable cumpensat- 
i-uii It-UN'H hi id winding* ait used. Such u proposed design is 
based on ttnM’OiL^]it of maintaining uniform magnetic gradients 
ami H-vuhiw in the altrmating seidarF. The design studio 
di - nl -i ■ I below nap this principle of n nil □mi umdient across Hie 
:if«-:iiM. . Theoretical krautmcnt5i involve only linear lerma for 
siMHi a field, 

Other theoretical studies ate in progress urjulyjuiig the 
kLoulii h'ilt I'lfiH'O: to nee whether a field that m deli irately shapt^j 
in have il piidicnt which varies across the aperture would result 
in uLtiblv orbibs. Preliminary result^ sug^eet klml utidcr certain 
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rrnii Ml inn^ such noinronatant Kiikdiriit.i? nuulit be helpful in 
reihn'iog flic Imildup nf nsrillutrun nmptitHih’B dun to n^qrmjie^ 
nf the type desnribed above. If these ivsdte pirn® valid, pole 
U — m tdd lie shaped differently, and the limitation* r>n the 
gion doseribed fda'ive might N- lifted 
^yru'hrnrioOH friability ia iniuntaiiscd in the alternating 
gradient machine. The modification ir* flint the relation be- 
hveen parti Kr ehrrgy ami Ihe cirrumfeivnrr nf ific cf|iLi librium 
orfiis iw changed. If the nunniPitimi of a jiartitcle differs from 


FlG- 7-4. BtftblHly dm^nirn iur a |>ras£kn.I ultefniitii:^ gradient 
nymohratmu iiutTmlmg thus ttfFcct* nf orrohf zmd Inhoinnfu'tneiCice, Orlijiul 
rt'flcimricti&a and wtrjp Ijoxujji are Imilicaled by Mitt KliRguliaj 3 in pa feir n 
p^rtieiiUr cum?. 
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Vui. 7 fs. i Jrblla For purLkki deviating from equilibrium energy. 

ibt v -ili I. ;it 1 hi- centra! lirriiltir orbit, the new equilibrium Of bit 
lh ms Ji lirde, lint m a periodic alternation of liarmomc 

rLNi I hyperbuUa fimaliuuB superimposed un il circle of different 
equilibrium mdiuB. The urbila for lujjJier-energy llulI lower- 
*■■■ 1 1 1■‘Ttk ,*i parliita than thutte sit the ruutrol orbit are iUiirirated 
in I'm.. 7-fa, in which the curvature of the central orbit m neg¬ 
lected ho Lluil it appears aa a straight line. The dotted Lines 
i In ouch the dbplawd orbits represent their memo radial posi- 
lionH if the |il iniieiita in the two seetoni are equal and oppo- 
-1 1 1^ die inemgju held along these dotted lilies is the mma -lh 
stmt id ihe central orbit. However, the average field along the 
uHiiiil di^|i!jini| urllit for the upper curve (energy excess) b 
higher Ihaii ihui of the dotted line in both actons, ami raimllcr 
in Ih iih m-Urt'n for the lower orbit. The eirciunfepential path 
length l nr the higher-energy particle is also longer than that nf jl 
true eiri'lo. Accordingly, the spread in mean debit radius »bso- 
eino-d i» ith a spread in momentum is smaller for the alternating 
gradient fields. 

The fompnethm of orbits described above can be repre¬ 
sents*! by the relation M.wenn the fractional change in orbit 
fipnimferemN? and the Fractional deviation in momentum: 
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For our eperiul caw, with »| = —/i ; = | n f, the fact,or a iu: 

1 _2.V _1_ 

“ n vn 11 ’ , n-fi 1 ' 11 cot fli 1 ” (7-16) 

"* h -p- - — ff — 

Al the center of the stability range, where « A 1 '/ 16, this 

crpmaaioo reduces to; « = -1,85/1 11 b ” 0,(11, for example, 

for n = ISo. For the r‘imvi'iu irhMnl syjidimtr.iii,, on ihr iptlifr 
hand, a = (l — h) -j -v ’2,5. 

Synchronous stability U governed by the change of the 
l“.'riotI of revolution with momentum. Tikis change can he 
expressed in terms of the change in orbii eireumfrrrtice SL and 
the change iti velocity Ac, as; 



In the standard aynchrotroii, with snail ami uniform «, the 
quantity in brooketata always positive, si nee the relative increase 
in radius is greater tluiii r.hi- relative increase in velocity. How¬ 
ever, with large gradients the quantity « is small and rhe 
bracket in negative fur vhIucr of E less than: 

B. = E*/# 11 (7-18) 

For E < E r the change in velocity exceeds the change in orbit 
radius, ami the particle& have stable phase otrillutiuiiH on the 
lining hide of the voltage wave, hs for the tjytirrhroiiuw* linear 
accelerator. For E > E, the normal ty|» uf synchrotron 
stability exists an the fulling side of the voltage wave. 

At the phase transition energy E, the |mriod of revolution 
is independent, of radius and of energy, and *ynr| inn ions stability 
disappears. This is the condition fm rynkitmn n?Honan«*. At 
this point the frequency of synchronous oscillation dnqia sharply 
to Hero- In order to avoid low of the l*-:mi at this pliaw* l rai'isi- 
... fdmse of the applied rnflinfjvqut'imy m-rclumting volt¬ 
age must lie shifted an the equilibrium phase nude for I lie 
particles moves from the rising t.n the falling side nf the voltage 
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wjl vi', a plrnse jump nf llIhjuI 120**, Eleutroiiic device* Uj pro- 
v iilf Hiii'li jl phase jump an? priii-timl, in id most >lr^Kixer& Itcliere 
llui 1 lfin* In-am mill tnmsrsn tke phase tiftlttHujf] without serious 
bm%, 

Phase Dseilhitkm frequency is given bv: 


a 


Wit 


E t i f eV cm , 

a. L _ ^r h 


o 



<7-1W 


whirls wn h\ this ease Is the reliUivi.si.ii- maximum particle orbital 
nr i Mil'll- li'in [in'i ivy, V is the peak rf vo|ta@&, ^ Lh the at ah! c ptakse 
;l rip1 1 iii -mlly rho*eix fts about 30°} and h is the haraonin order 
of ili« npitlird n i'i>!|ia-in-y relative to orbital frequency The 

..I 1 1 1in pli.’t-j." o^rillation frequency varies from about 

\ r lH r", ;• r r he ^r! l it i ■ < 0,CWH13/, :n mn\imi 1 m e nergy, v il rying 
siMnrwIuii. with fixe mdiviilunl parameters of a particular 
machine. 

Hum? amplitude depends on ih*- tit able phuue angle. If 
il l. -ingle is very .^n.’uLlJ_ with the average acceleration small 
min pared with the peak applied Voltage, the stable range is 
nearly L"f radians. If the applied voltage is twice the average 
value required for ji adoration, the stable phnfle angle ih 30“. 
Al HU 1 11n- iieoH-ptanee in about I.If radians so slightly over 
haIf of ;i uniformly distributed ring nf ions in the orbit will U* 
implored am I Mi into phase ortoillatiuim. Phage amplitude 
d.-iii'i] loi I during rii-eeleriititilu by ;i total fact or of about I. ho 
1 lie applied, voltage cxichh. i aii lie decre:b.>ed tsl ahk- fiim>e angle 
irteren^eil! ■ luring the Inter port bus of the acceleration rycle. 


7.1 Ih^igu ^[Lillies for Alulti*B*-i kffleratuFi 

The mliietion eex magnet- cross section tunl power require- 
LJtriif- possible by use uf site st mug-focusing principle makes il 
economically frjudblp to build much higher-energy jurceleral nrs 
iii the name cont mage ils? the ijpimotruti and bevntruii- Present 
erfliinatcs suggest that, murk inch with o times the energy of the 
existing proton Kync lire p|. rems run In 1 IuuIl for nboui the same 
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ctwt. Further development*! may tnnhe it possible to reach the 
5ft- I <i LOO-Rev range emituaJiy. 

hi --ufi s ^ 1 111 li i ‘S i it prrigreos cover a wide me rgy range. The 
electron ay rich rotmil fit Cornell Cnivendty w being rebuilt with 
miulH er aiul larger radius !" produce I- t«* ii-Rev ehr- 

■ mtis. Alternative set* uf pule Ti|*y- are planned for it uniform 
gradient machine mmikir in the cosiiinlraii I hit with milch if 
ihut'il apertures, and iilirmnliiiR gtui limit pole Ti] — |u teat the 
tictv principle. The SaHay Laboratory uf tbft French Atomic 1 
Energy Conuniaaioii in plumiing a I 5-Hev jirnton A-G avii-dcra- 
icr to lent the principles and as a model for higher-energy 
machines. 

A deHigu group from (he* HttitTs of Harvard I 'niverbify and 
Mateachudetta Institute of Tachnulnuy h Cambridge, Mussu- 
rhusetts, has completed the preliminiuy design‘ Wl for a lt>- in 
15-Rev proton ucrelemt.ur, Thin energy is fi times higher than 
the I'offiiuitron maximum and w.nild U- in a sr-icntiflBfilly in- 
terathig range. More recently this group Jins prepared a design 
study for a 5-Bev electron synch nitron. Another design group 
at Princeton University is investigating altcmnlivo principles of 
magnet design to produce fore using and of techniques for red hi- 
frer|iieli!:.y acceleration, also in the 10- to lo-Jk-v energy range, 

The European Council fur Nuclear Rewuch ft TJttN) .w 
making plana for an aJtrmiurw; gradient pmtr.ni sindimtmn of 
about 23 Rev, In lie Iona led in the now laboratory tn lie built 
near Geneva, fti the preliminary phase rif design. groups wore 
active 1 in Bergen, Copenhagen, I'ari.H, the Harwell A K ltl-'l iMi- 
oratnry ill England, and in several other EnnifMti aricTiiific 
centers r»r Odd Dahl, of Norway wiis the din -tor of this 
design study. .Wif October, lilAl, l he «1 a IT hegnitta assemble in 
Geneva, at. l.hr Institute nf Physics cif tin* Cnivtirsily nf Geneva, 
to prepare design* for the new hdmrntwy. Tills effort repre¬ 
sents; a moat promising oppurtunity fur intwiHitmhiil seirntilir 
cdOptTation, and the results will he tuvsikd with interest. 

At. tbo Rfookhaveii Xnth.vmil I ahumtnry, whmt the prin¬ 
ciple of al kin Ming gradient focusing was initiated, an intensive, 
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hii-'4-i .Lhy,i■ jin»gmn:» of design lias Im-«-i i sirirrM A imvilivi.MWi, 

11 nr W^ 1 lorn lor J Hi i| nin'iil Division, which utilise* Ole- cx- 
[h■ i )i i 1 !(' ii! 111 : 111 y ni Nil!' I'.i^iicitnih ■ his- Iwn formed 

uiiiki 11 ir -ujM'i'vir*iiii i i mi 1 Jr, L J. Haworth, Din t tor of 1 Iif- 
h ira-i ikli:t. mi NalioiitiJ IJpomtorv The liitnl energy gmi! It as 
luN-ti *■ 1 11 m ■ n hi Ik- in I hr- range i’Jfj in m Hev The l itilfi t 
Stales \inruie Energy ( Vitnouraiuii hna ..liitnl the impor- 

I nil. !■ Hi l lir high-energy partii'le held hy .^iksidiamg the design 
r-t in he.-- :il Hi i ipkhaven,, nnd also lliu--- ai C.-timhridge and Prill 
tnii, 

\ >1 mug intent in an altenuiting gradient lu-relumtnr has 

1 1- duvttlopfrd in the mitlweat- rii i nited iteteay among reprij- 
^L-nhilivew nf the IMvfrimtkh. nF Chinign, Ill ii jo in, 3MidiipLTi t 
Minnesota, luvvii, hiwji Stale, Iniiiamt, mid the 
Ar^iiujii- Mm mu id Lab -1 mb try. Disdgu mid ^rgiiokmionid p3&n- 
nieu Ik Lin 1,ht- early slugea* with mi indication thill the detrirnd 
in ii- rtf y will U- in I In- ‘JU^Bey region. 

I 5 *i h wide ihU'r-'-i mid high Iwu! of Hetivity hi design stug- 
ges! Unit a new nth-gory of r^lerators af min-h higher energy 
Ohm i M-hieved Op i- lu tie expend. 

Till' -eyein I i[e*i^n Hl.ndian have already nwlted in :i few 
m teinpl.N t" anticipate 11n- etiginwring problems of r-onatmottaft 
.uni l,n |nvili.'< 'liUHTinhiijM in m3 i »e hr r taicr parameters. The- 
in.., '; detailed of Ihf^ design stud ion in by the Cambridge gnuip 
fur ik 15-lfrv ueeelemlor,™ ~Sh\\v general atiidiea al Rrookhaveri 
have 1 u-t-il ii-i-'J la f-slimiLte: I'ruLfrtn.jeliini m,HlF lor murhmes of 
K 31- f 80-, 30- t rim 1 UK) Bev energy. Tentative piLramctcfe 
liner oIh<« been rampntrii by the CEKN group fur 25 and 30 
I h a None i'jf these him yet. lseen finalized by detailed rtmiputa 
lions or inigineoring design, and many changes ran anticipated 
bi-hne ri.nj«tnnuion begins, 1 tnivevrr. n-j-1 aiu I'limiuon fcatlircrt 
mu| gni^nLl H-oridiitfTfMiE am iveOniing rdsknl. Thr^e nm lip 
hhmEraterl by the lifting of tentative design pHnimr-tei> for a 
Ji-Bftv eliK’t-ran ai-eetprator prepared by the t Vimhridge group 
oid a similar I sat for a ftO-Bev machine prepared at Brookliavun. 
are given in Table 7-h 
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Table 7-t J>£&»ku piirun>euir^ fmr &lktmati(]g-KTHdi 0 n( uft^luralorpi. 



5 Hfv 

olontrOlui 

30 Bov 

|irni itna 

Unitii 

Orbit radius 

GB3 

KW, 

fL 

Maximum Til Id 

a,u 

13.U 

IdfagUK 

Number uf mjtjMt unit t*uH h 

S4. 

60. 

Number fit straight ratiem! 

IS, 

130 


Magnet teutur Iimgl h 

ST 

13,3 

ft 

Straj^tit euetiua ]r-nm h 

4,fl 

5.11 

i% 

CSr^iiimfcrt Tu i.-: cijf mji^uoL clndc? 

602. 

atm. 

ft 

JEudiud of tihnifnnL i 


3S0. 

ft 

Magnet Kn-jj-j. t’tfQtj’itl orbit 

an 

3.5 

in 

ri*-Vriluc F runtniJ orbit 

103. 

4JS4, 


Ko. oscillationi wavulengtliJi/tarii 

5 2 

876 


Icijeotion ojiorgy 

20 

M>. 

Alov 

iTijeettPO magnetic field 

32, 

133, 

Jp™s 

Lijeuticsq froqutiney ul iojin 

10 

II. H 

Me 

Maximum rr^qwcHi’y of in ri-=* 

l.fl 

0.45 

Me 

ll^dtofrr'qUcOcy harmonic order 

M r 

it 


Applied r f fnpquflla-y^ Inject run 

m. 

1.4 

»a 

Applied rf frequency s maximum 

102. 

10,S 

Mr 

.SEimntiL nm time 

1/120 

1,0 

aer 

V oil s c urn for ttP^lcratian 

J.fW 

81. 

kv 

IVIhp repetition period 

1/30 

3 3 



7.5 1 1 rini i]>li s uf 

Many n^vr notioepts and ummmil features are involved in 
the design of ! hr\se allc-niating gradient muriimed. Thi 1 i iL rg<- 
orbitw, with die small erntis section inngnebi. will tie Iwst ho4ia?d 
in a dimghmit itiapeij building rather than hi the traditional 
tmge Ttjom # vault, T.hf» shielding for I he exEnmdy 

highriirTgy in if I fjein-t rating nidmlron ui l In- h^rixmitiLl plane 
n±n tw niwvoiwl by having thi« building in thr f.irm of mi 
uudej^miinfl irondi or tmuiH. Aileipmti! dm-ldmg nver the 
I rem'h will iihsttfri} the lower energy autifcteml imbni urns. Simv 
it will Ho lunger k* pnggbta, or desirable, for tin- npomiurV 
eoMrul nimble to uvurbuk the machine,. il fan N- IrwainJ til any 
eulivenieiil 'T l ii1 ml plnre, with provisions ftir full remote control, 
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\?W- 7 iV Tuniwrl bitllilinjc Tn-r un iLHcrncitma. synchro- 

trim (prfj]m«pti rli^igifc). 


A -krlr(i -i! mvU n InrmH 1'ioiMitfi i#illustntteil in Kig. 7-*i r taken 
1'n.ni thr C-tuTiliridpSP I Mgn ritwly* 

The many duplicate meiguet imiln T each of relatively small. 
siJEiS rillmv the use r>f cETHem unit 1 hi ne jigs and tfcasemhly hue 
Iivlmir|Uf*B in rnjimiFsw'tim\ The hiiielII stap of mml rompti- 
nentrf, relative ton ofhor large Hi-ivtnnfttpV^ mlui'os she handling 
problem Hiigiiiwriug development of ti single protot.yjie unit, 
whli eomiuerrial |iT*H|iii'thiN of the many duplicate nulls re- 
i l-iiin 'i'L Hluitild refill in it high quality of jierfonmutetif. Tile 
problems of Tnaiiilnnd repFiir arc simplified by the eun- 
■ epi i»f r^phteettble uni In. Seheduled Hepnen lial smddug of the 
rntopwientH,, fflieh m vtu'mmi puiftp system^ ija pcartictkL, to 
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raduuE lime lout I rtf niai&tdiiuiui!. In ninny way# this type of 
accelerator although large and expensive heeause of (tie large 
iJi'bil. radius, wifi !.*; simpler to design, test, and operate than the 
earlier machines taring larger angle components. 

Mngpct design » developing hi Ward a simple C circuit 
With short, tapeeed ppktfl, a return leg on ore affc only (to allow 
attisesM fur insliilliini the chamber und egress for particle lieanis 
(mm a I nr gel •. mid fOjifMtf cojlt uf large crow fleet,ion closely 
.spaced tiliour. the gap. |; can fie illustmted by i] ie .. sketch in 
!% "-<■ hiken from sin- Cambridge Design Study, Pole tips 
*» shaped dwely to a rectangular hyperbola to give a uniform 
gnuiieni, over the aperture cnclnwd by the vacuum chamlwr, 
ahemmed right-to-left in mjitc<«Iy{; It ns unite jirnnnd the orbit. 



I’m- T-. Sketch uF nui^KL L'fOBs ■«i Ltei|i fur un ii] - 
icniBting gTmlirnt BynE-hrotran, ahowina i lm ~tun]f vulinm 
CjlEktfjbUFr 
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llic liypGfbcilu • 11 [lsItl r 1 1 mill (he location of the hyperbolic axis 
Iuv computed to give tin; digued fl^-value. Since this fikrVilue 
in ^imewlml smaller than those originally proposed, in order 
to lilisuhi wider ttpariii#* between resonances, the hyperbolic 
pole frwf-s riR- flii.il irr, in id the variation m gap length across the 
a;111 3 '* rynjJlur \ valuable eonBequrtiuci of ibis trend in design 
i* thiLl saturation of she jwle tips, starting first oil the short-gap 
Hiir, i- ti ■* pronounced, run I uurrael.iofiffl will be simpler, The re- 
i|iniM-d prei'Hou iti shaping Ihe jsfllc faces is of the order of 0 . 6 % P 
jiihd the uniformity between sertora is of the Moe order, A 
c ait-ful dirking and aorlhig procedure for ihe many plataa of 
Iron (tu limit eddy currents) will lu nectary to average out 
11111 u;e n-1,ii■ itilmmoHeueiLifre. To nrhiisve this precision each sec- 
Uir of the magnet could he awmblttl and welded into a stnic- 

I Lind unit before mud lining. 

The mi ml n r nf magnet sectors mid the arrangement erf 
H might m lions involves a numerical analysis which is the boaia 
nf the d.sign. These numbers, combined with tho nrVfdufe N 
drR-miine Uni minder of betatron oscillations around the orbit. 
In --nlcr to avoid orbital resonance, this nuinher of betatron 
\s a v i ■ ha Lgl 1 1 s -1 mu Id 1 a 1 non iniegml P and nondmlF-intcgra I. 
(\ r ..u ihe i ■] i u i i r of 5 2 a n i L 8.76 in the tat 'Ira of parameters 
above Tin- number of straight sections must he ad equate to 
■ iinhiiij ll|[ MiTr^nry rf 'ii’i'cler suing units, correcting magnetic 

I I ■ r i ■ !i. 1 ] in 111 jiN 1 1 11 r p UrRp t s \ oh i pjekup ftedrtxIns. 1 Imvcvcr, it 
liuLild not It’Xi'cvflive ami add length to the orbit liimeees- 

aarily. 

The length of each magnet sector should not exceed that 
for which practical and economical means of assembly and 
u 11‘hinij v lot 1 avui labile. Straight section length must Im ade- 
i^i i.o install die necessary devices, particularly the rf ae* 
role rating in li 1 h + hut. not m long as to increase the amplitudes 
of 1 1 ic betatron oficlllidions .^igmfieaidlv. This increase in am¬ 
plitude is a minimum if Htrsiuhl sect ions arc located in the ceil- 
tfM*H nf ihe magnetic fociisiitg lenses, mi\m than beiw$eu lenses. 
A simple espialtulion of this last statement comes from the njv 
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ticjil antilogy, Because ruys are more nearly parallel to iln> 
iLtis in the center of a focusing nr tbfocu&iiig lens than between 
t-uch lenses, inserted spaces arp less eEtJelivr in increasing t. ran*- 
ver*e dimensions iif the beam, As a consequence we (ind that 
the natural unit in packaging magnet sectors is a doublet con- 
-fisting of half nf a focusing and half of a dt'focusing sat tor. 

The packing system must also provide a suitable number 
nf equally spaced si might sect ions for installation of the i f 
tuteeleratiug units to match the desired lninoonit' order of the 
applied mdiofreqnenoy. For example, in the 30-Bov design 
illustrated in l able 7-1, the choice nf 120 straight sections allows 
the it* of I he 24f,h hamumie for the '20th, or 30th) nf the orbital 
frequency, which develops ‘2 i equally spared I ninehfii? nf imiH 
around I he orbit due to 1:he synchronous hunching, and which 
provides a frequency which is in the practical range of r>|*>totion 
of the ferrite-mre accelerating units. 

Finally, the nimdiens chosen must noL lead to harnitmu 
orbital refoiiancc* For example, the muni H'r of 1 letotron wave- 
lengths must nor lie ■ qiiul to the harmonic order of die applied 
rniliofneqtauiry, nor to the number of repetitive groups of sector* 
amund the orbit. 

\ machine designed in stay Ijetweeu orbital resonances 
must IntVfj a uniform gradient for no-value) winch is rnnstaiM m 
l.bnc. On the other hand, the effects of saturation of the iron, 
and alms of eddy currents di?w!i>[ied at the start, lend to distort 
this uniformity. The method | imposed tocompenflatcfor such 
changes is the use of short correcting lenses in some of the 
Htmight. liecliruiH, Firmed of ihe q and ru pole design to provide 
aili.lit.it]riuI gradient hut not. to deflect. the beam Such correct¬ 
ing tenses must, lie of two types, for fiHnwmg and deforiuBing in 
each oT flu: transverse directions, and preferably should be 
located in IhiIIi types of straight, *«dious— m the. centers of 
velticully focusing rind vertically defocuning magnet st'Hors. 
Design studies show that such correcting lenses ran be used to 
trialntain the required constant gradients to within the precision 
needed t.o stay within a single stability cell- 
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Tin* verm lii a nl must ill so remain uniform tie run* iui uilwiuriftt 
wnll.li of tin- fwjk fare in enclose n MjiiJihte aperture. Devin- 
iMHh- i-mishm) h> eddy i'liiivni.-, ren jjii lent Eidils, in id Liunqim- 
nii-rtu Lit itiilumliivii of die xh« h- tip* will flktort Lhti uniformity, 

I iir -r i-:m In- ri'i.m-M-nii'il liy r.ouHnmr terms hi the «tuatiniM 
di-simiise ilir- iruiipictic- I Mi I run I sire desq lik'd Lift iou linear 
. In ri>. S.-vi rul iiMh.ln.Nlft are available foi ranri| for such devia- 
immi.- IW I7uv winding ran U- powered with 11 Urr^Mieduled 
runi-ill i«? -Iiiljh- Khi hi-M between pulps, nr -exiQ]mli' Cnr higheri 
■ ■.ITi i l mte maL£Mri.^ mu k- inBnrhd in iftmight secdimft to prsv- 
vide nonlinear lliluIh-nIs. TljodtH.ail.t-iJ magnet model fjiPHKiiH la - 
iihtiI ■ in '■"■-■■ 1 1 % I-' analyse n i|iiiraneii^ sire ihroiupIcU. ;i nil 
:'n r11iri stmly is mpiirifd U\ determine this rLinghiiiide of ( hr ror- 
riN'l inim Heeded in rmimliiiii uniformity. 

Tin- uutrKy nf an injwted bosun of protons determine the 
lull'd nrbitid velocity and Hicreii>re (.hr frequency u|' th* 1 rf 
sitM'iHri'M i m Ah the final energy iJHJJJbv) proton* have nearly 
lIm' uf light, wit ich determine- find orbital velocity and 

fivqutme.v The hvqtiency mvnp, l*etweon initial wii.fl tina] 

!ih m_ i- ti ko-tr limitation on rf system i.h-tiigri. In (hr table nf 
|i:u misii'Ihv. above ('Table 7-!' tin 1 probei iniu'bine anticipates 
11n-- ii--<■ iif :i hO-.Mov tin ‘11 1 as tin injptitor. With this high-energy 
shit i i hr frequency sweep is HinttU mid rI problems mv Bimplihnd, 
hnl tlio i.|i:vr|opiru , nt of n Httttlible 50-Mev liilAO ia Ht iiE a problem 
for thu future. 

OrhilJil frequency ln^omea osseutmlly constant for dec- 
Irnii-. u\ quite low energies. frequency modulation ran In? 
ov niiled. If HiN'troiift are to be moderated =i1. eonsrtanl fro* 
nui'in'y , and 1<* In- retained within die narrow radial width of the 
v/h'lhiiu r bomber, elecLftan wloaity mud hi- ver y close to the 
vnliM'iiy of light. Thin ■■otidltion the 2(bMev inice- 

linn energy ehortcti fur the 5-Rev electron machine described in 
Table 74 . 

Radififreqiti'iicy pmwr i-iiqsiireinDTitH depfitnl on the fre- 
i|uenry e .11ige ;tiid also on the required volts per turn, which s« 
erilablidied by the rate of nw of m^gnetie held and orbit di- 




148 


11 f CiEI-ENERG V ACC'KLH R.ATQR6 


mr-nsmini. The magnetic lipid time eyrie mflnenceH (hi 
ruftgnt i power requirements. A suiiljihin halunou is required to 
miiiiimac total costs. Present design# for proton synchro! itn v, 
nut" magnet, rise timer of the order of I see and cycle repel hum 
rntetf of I fl t.o 2(1 per minute, I unit'd on magnet power nml i f pnv> <-i 
consideration#, Volts per turn, P„ nre given by the relation: 

V “ CM B/dt (7-20) 

win-ru C is the total orbit imumferrmiv including straight ncc- 
thm.Hj ft ia the central part Ho orbit radius within a HHor-tor, and 
tlR/dl Is die rate of rim of magnetic field. Ttilde7-1 .shows the 
values obtained for I,hi- 3Q-B«v design. 

I he principle of nidirtfreqUdliey m-fcWiilinti which uliej-s 
Hit! moat promist! is that of induction (duration using fi ■ rri 1,r 
oo ivh surrounding the orbit s imilar (n (in- system used in the 
eosniutron. Many identical if mms art- planned. equally spaced 
around die orbit, "pcrutiim on a suitable harmoni.- of the nrhiis.1 
frequency st> the units van nil be driven in phuse Total rf 
power requirements to obtain » given value of 1' are invi rst-Jv 
proportional to (he number of rf units. This huge manlier of 
drive points is alwi useful in reducing the nmpliinde of synch re- 
trot l oscillations. 

Two methods are available for driving tin- ferrite-tom led 
cavitii-y, The untuned cavity, such as la imed in l lie roaniotmu, 
muni tjc driven by a wide-hand amplifier over the frequency 
rang!-, alid so should he tionreauuini Tim chief problem is the 
luw nnpodanoe of such a ay stem, and ilu- largo ru mints required 
for exaltation, especially ai the low ii-qiit-uey end of rhe cycle 
The Other method is |u tutu; the cavity lit rrsoiULnee over the 
frequency range by eoiitrollhig the pcriucahilitv of ihr ferriu- 
core by means of a d« bias which partially saturates she cure. 
A tuned cavity has u higher impi-diiin-L*, isati In- driven Isy u 
closely coupled oseiflator and him it high Q whieh multiplies (he 
impressed voltage, ('hoii-e of the meliusl and (lie rf i> r-hniqlira 
used depend on the frequency range, the voltage required nml 
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«iM 1-1 iljils of the nnaiil., ami Forms an fritereetirig problem 
in riidiofrcqLiciiey I'ugi peering design, 

|W«cr rating liiid nwt of the rf supply tirv s^ply rifling 
I him i ii it i- (.III- size ami energy "f the A-G proton :sy uchroLmm 
Thifl in ns i pi met 1 1. tuny well I-m? the eetmomicfllly limit ink factor in 
I'slriirlih^ cMirr^ir- r-'-wurtl 1.1 u- 1 (K)-Hev range 

1.1 m B i I [mil. for A-fl fltBCtron kyuehrolroika is the 

: ■ 11 Hilly ihi-ri-^iiLg r-unt h if ilir rf system Ui supply riidtutiun tosses. 
IV limit fur <lJii.drL.ni synchrotrons lining tt single rf accelerating 

^;l]l Sll 111 1 1 1 1 i *! 2 11c V I'lLlk f*£ mifilMl 1«i Wi mudl CiK It) tt&V by klflil>g 

rmrny phtiM*d rf units in the straight ^edtio&B p to provide the 
mneh higher voltage f>er turn required. In the Cambridge de¬ 
sign indented in Table 7-1 r.he requirement La over 2.5 million 
Yuli:, i nt turn; it in achieved by using many (8 or I ft) high-Q, 
re--.mailt ■I'jivitkvi u|K;ratihg at a high hanupuii- of the orbital 
fn-qiLi'iiry, At the designed energy of 5-Bev the cost, of the rf 
.svrii^m is if it excenaive, hut thin component will represent an 
ihi f luring fraction of total wmt as energy is {ncreaaed, 

Ollier Niuv|Hmeiitfi I?? t.hr machine Vrome much simpler 
tl UI i i i* W ■ • He rat ors, 'flic vac UI mi L?hum iwr p foresampl r 7 

Man bti n tbilfc-Hirdlnl tube of oval cross axil Eon, with transverse 
i liiui , i i-'-ii-ii - of only i few inches. Such a chamber is illustrated 
in Mg. 7-7 f taken from the Cambridge study, The volume of 

the -Vrf‘111 is hinnll HO ielrktjydy rmull pumps can he used, rind 
vm'umn heuling pmbteniN are greatly simplified, The thin- 
nulled v!H’iiuiin i hmnlK!r aba uLlrvw* radiations Ftoui a target to 
emerge with nuitimiFm almirptimn 

1M 1'ouelu^inn 

lln foregoing description of plans and design* is a firrt 
iiMrmpl to write ji hew rhApler—the latest—in tin? story of ac- 

■ ••li-.. devdupmew Tliin >kiry \m an exciting one for the 

im> >'jli mrieulird and the iuwlrmtor tlpngiU'i 1 , Accelerator 
eli'vrlopimciil Iijl> |?:i j •! h;| ihe lucleori'" expansion of ihe field of 
lujt'lnnr physics during the last 2o years. At times the progress 
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«f H Hji'crsssful I LI-ft- theory would .spur the development of 
JSughfir-w:erRy accelerators. AI other nines ih. cxperituniul 
I'i'Mitt# obtained from n ren-Nt Iv ootnjdjB^edl mwlcmtorof record 
brpakiiijE energy would sl.iimiljLie mw rlie*jftitical progress This 
Nwuiftork of i sju'Tiini'NtuI and thcoroi iml scicm-c btus mniJtcd 
in no exponential tJjH-n'iisr in particle energy with time. 

Kwsli iilna* of aredlemtor has, in (nni, gone through n 
jih/ow? of rapid mqmridioM, from tin* early htiiclI I machines huill 
to ti*si Hit* principle and explore the problems of construction, 
to :i fiuittmiim practical idap, limited hy sonic iiKthiiirnJ nr 
economic I uirrii-r. TJiUfi the electrostatic moved 

rapidly up In tin- 4-Mt-v I ini’! set by rlei-trictil hreakrinun The 
eye]lit run Unwarned from a luiiomtory efuriomty to live powerful 
no-fn. *i*c in |e W than ten y«*im». limited only liy Ilt«- rolriiivktie 
increase in mn» of tin* Hecelerniril ions. The Kynehrocyelntrun 
aK*mR now to Imve reached un economic limit due to the gi jran tic 
sizn and lIn- rapid incrtmai? in cast of tin- nolid ■■n-ti-d magnet 
for still higher r'NvrjjifR, 

.fu-i as nnc i-lns,- of Hecelerntai- approached its pmctienl 
energy limil, and prngitwH seemed MtUlcd, a new machine would 
I** difwovmed ranting the energy limiis am t ,shirt mg » new chain 
of development, So n> nhwrvn ndi type o|' ucedpratetr Ik dding 
the energy record for u linn. only to lie surpas.-cd hy the nexi 
The sequence runs roughly through the t Vkcml'i-Wahnn voh 
twit multiplier, tint f-lertraMrtlir general or, the cyclotron, the 
betatron, die synclimeYcjLUroti anil synchml rmi, tin- prut mi 
synchrotron, and tiuw the ntUirnathtg gradient synchrotron, 

This iueftsv-o in energy of lUTcirrsitw- i' illnsi rated iti 
Ftg 7-8, in which points ini' plotted slimiing the devi'li-tpim'sit of 
eaeli of the several classes of oreelemtor*. Tin* i lutes ami 
energies are taken (mm the first puhlinlieri reports nf reaching a 
new energy ret-iml in earh case, often representing a delay of 
Mum- months after tin- net mil s-veiil. A logarithmic s. n| f is 
used fo compress the tremendous range in energy * hi this plot 
it is possible to sketch ait envelope eurve repreM'iiting tin* con¬ 
tinuing rise in energy with lime. The must Higniliraiu feature 
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Pill 7-8 RqyJwmtLil rim< in energy attuned with 
aerulcruturs 'luring iln-i |nv<r, 35 years 


hi i In’ pint m tlte upproxitHAttly linear of tins envelope, 
which iHi-fiiJB tlial energy tins in fact increase exponentially 
with lime. The rate of ride a such t hat the energy has increased 
by n fun tor of IIJ every as yeara, from a start at KM) tv in 1929 
t(i It billion volLs in 1952. 

Ii in interesting t.o extrapolate this rune into die future, 
to predict the energy of accelerators after another six years. 
\\i- have reason to hope that either the Brnnldmvcn ortlisCEBN 
A-t.l proton synchrotrons ■will have reached 25 Bev by that 
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time. Further extrapolation of this exponential ly riiiijig eurvo 
would pralid. truly gigantic ruswlmitoni which would exors'd 
;uiy poesibfc budgets, uv«<ii thi,**- of government laboratories. 

we Will postpone such speculation uni il the jims'Ul nmihme* 
cciEi demonstrate Un-ir value to s* deuce. 

'I'ho* of us in this juTidemtor field are frequently asked, 
“When will this development of highcr-n iid-higlk'r-eiiergy m- 
ederotore stop?” Yet it must lie n-engiii»-J that it is nut the 
urge to higher voltage which inspires this growth, but the pres- 
sure of the continuously expanding horizons uf sdr-iKT. As 
Jujig ns there (ire unsolved problem* in N«i un» which might he 
answered by higher-energy particles, und as long us tho sdentifiu 
urge to know the answers continues, there will in- n steady and 
pumistoul. demand to develop (lie tools ;■ 111 1 iiiHtrmuetlLs re¬ 
quired. 
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